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Shifting patterns of precipitation and rising temperatures have highlighted forest 
vulnerability to heat- and drought-induced stress. For systems that face water-limitation, either 
from short-term, seasonal dry periods or longer-term droughts, plasticity of root system function 
establishes the ability of individuals to meet atmospheric demand and maintain physiological 
function. This functional plasticity is determined by an individual’s intrinsic properties and their 
interactions within the community and environment. Given limitations to in situ measurement, 
improved model representation of below-ground structural and functional complexity has 
provided means for exploring these ecophysiological feedbacks between drying soil and trees 
across biomes. This research addresses individual, ecosystem, and basin scale responses to water 
limitation by examining (i) the role of below-ground structure and ecophysiological controls on 
water uptake across functional gradients (i.e., low diversity vs. high diversity ecosystems); (ii) 
identifying and expanding the utility of novel proxies of hydraulic function; and (iii) exploring 
the feasibility of monitoring drought response at large scales using a parsimonious model of 
surface energy partitioning.  
Modeled root water uptake from both temperate and tropical systems highlight that 
independent of functional strategy, root lateral interactions at the tree scale directly impact the 
depth distribution of water uptake and plant hydraulic status. A newly developed index of root 
system interaction provides an amenable axis with which to explore the tradeoffs between 
structural investment and resource acquisition. Laboratory and field analysis show that 
conventional technologies used to measure sap flow velocity may contain hidden information 
xxviii 
 
regarding a tree’s hydraulic state. This low frequency signal may also serve well as a proxy for 
below-ground response to the drying soil, providing valuable validation for future modeling 
efforts. Finally, the feasibility of hourly, basin scale estimates of the land-surface energy budget 
partition are tested. The Maximum Entropy Production model is successfully applied to the 
Amazon River Basin, a highly complex region prone to strong seasonal droughts, elucidating 
avenues of future research needed to more fully link ecosystem and hydrologic processes. The 
methodologies developed and expanded in this work provide new avenues for assessing tree-
scale water fluxes and hydraulic state, providing a means for observing and testing hypotheses 
related to ecophysiological response across spatiotemporal scales.  
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Chapter 1 - Literature Review and Meta-analysis of Root Trait Space 
1.1 Introduction and Scope of Doctoral Research 
1.1.1 Motivation 
Shifting patterns of precipitation and rising temperatures have highlighted forest 
vulnerability to heat- and drought-induced stress. Drought stress has been linked to decreases in 
productivity (Ciais et al., 2005; Zhao & Running, 2010); altered biogeochemistry (Schlesinger et 
al., 2016); increased rates of disturbance from fire, insect infestation, and disease (Kolb et al., 
2016; Littell et al., 2016; Preisler et al., 2017); and, in extreme cases, mass mortality (Allen et 
al., 2010). While the impact of prolonged exposure to water limitation is readily apparent, factors 
contributing to individual and stand response are nonlinear and difficult to disentangle (Phillips 
et al., 2016). The subsurface, namely, interactions between the soil and root systems, is 
particularly complex given variability in both soil (Ivanov et al., 2010) and root (Kramer-Walter 
et al., 2016; McCormack et al., 2017; Weemstra et al., 2016) structure and response.  Despite 
these challenges, there is a ]general consensus that improved understanding and representation of 
subsurface dynamics are needed to fully describe water, nutrient, and ecosystem dynamics for 
vegetated ecosystems (McDowell et al., 2013). 
For systems that face water-limitation, either from short-term, seasonal dry periods or 
longer-term droughts, plasticity of root water uptake (RWU) establishes the ability of individuals 
to meet atmospheric demand and maintain physiological function. This plasticity is determined 
by both intrinsic properties of individuals and interactions within the community and 
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environment. Of particular interest is how the spatial distribution of root structural and hydraulic 
properties contribute to the plasticity of root water uptake. 
As trees in forest systems grow relatively slowly, they will configure such that they reach 
individual optimality for a given set of nutrient and water availability conditions. Optimality 
could be defined as the ability to meet physiological demands for water uptake, while controlling 
water stress within the bounds of the individual’s safety margin (Yang et al., 2016). A variant of 
optimality theory draws analogues from economic theory, with individual traits manifesting as 
unique cost-benefit strategies in line with the “plant economic spectrum” (Reich, 2014). This 
framework has been examined at the organ level – leaf, wood, and root – but as of yet, 
coordination between above- and below-ground traits has not been concretely established, with 
suggestions that coordination of root traits may be more multidimensional than leaf traits 
(Kramer-Walter et al., 2016b; Weemstra et al., 2016). Some of this may be attributable to 
measurement bias towards more readily accessible above-ground features and lack of clear focus 
in both measurement standards and execution for below-ground traits (McCormack et al., 2017; 
Weemstra et al., 2016).  
1.1.2 Dissertation Outline 
Chapter 1 provides an extensive background and review of the role of plant hydraulic 
processes in terrestrial water cycling. It begins with a summary of the plant economic spectrum 
and continues with an extensive review of root system structure and function.  
Chapter 2 investigates the interplay of root system structure and interaction under water 
limitation for a temperate forest system. This chapter uses observational evidence from the 
University of Michigan Biological Station, located in northern Lower Michigan to parameterize 
a model of root water uptake. The model is used to explore multiple scenarios of root system 
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morphology to identify thresholds of benefit gained by the expansion of root system area. As 
roots explore more soil, they gain access to additional soil water reserves, but also increase their 
level of interaction with other root systems. A new metric of root system interaction was 
developed and used to characterize system scale responses to water limitation. It further 
demonstrates the importance of lateral interaction for temporal evolution of soil moisture and 
plasticity of water uptake processes. The analysis presented in this chapter provides valuable 
insights on how structure influences function in a low diversity system, providing a jumping off 
point for the high diversity system explored in Chapter 3 - 5. 
Chapter 3 explores the below-ground contribution to individual and community response 
to water limitation for a high diversity tropical rainforest system. Set against the backdrop of the 
2015-2016 El Niño dry season, water uptake processes are explored for trees of different canopy 
classes. Observational data from the Tapajós National Forest, located in the Eastern Amazon 
rainforest, is used to quantify below-ground structure and to parameterize the model. Scenarios 
are used to test hypotheses of below-ground structure and function proposed by previous 
observational and modeling studies conducted for the area.  
 Chapter 4 presents analysis of above-ground response to the 2015-2016 El Niño. 
Methodology is developed that field calibrates a new low-power sap flow sensor used to observe 
differences in above-ground hydraulic response to the extreme dry season. This chapter examines 
and quantifies the sensitivity of sap flow measurements to changes in wood moisture content.  
Chapter 5 takes a broader view of the system by utilizing remotely sensed climate 
variables to examine the spatiotemporal shifts in evapotranspiration (ET) for the entire Amazon 
River Basin.  The maximum entropy production (MEP) model is used to partition surface energy 
fluxes for the entire basin at an hourly timescale. The model is forced using surface radiation 
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products derive from the GOES geostationary satellite. 
Chapter 6 summarizes the key findings and propose directions for future research.   
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1.2 Below-ground structure and ecophysiological background 
1.2.1 Below-ground structure 
The development and maintenance of root systems constitutes a significant carbon 
investment for an individual plant or tree, playing an important role for both local and system 
scale biogeochemical feedbacks. The distribution of vegetation drives individual water and 
nutrient acquisition and influences the spatiotemporal evolution of state variables like soil 
moisture at the system scale (Ivanov et al., 2010; Orfánus et al., 2016; Vivoni et al., 2008; Wang 
et al., 2015). “Below-ground structure”, or the distribution of roots within the soil medium, is 
nearly impossible to determine without extensive disturbance to the system. Non-invasive 
technologies such as ground penetrating radar (GPR) so far have limited utility in distinguishing 
individual root structures and are affected by soil composition (Ferrara et al., 2017). As such, we 
rely primarily on destructive means—excavations, soil cores, and trenches (Smit, 2000)—to 
deduce system morphology (see review by (Danjon & Reubens, 2007)).  
 
 
Figure 1.1 (Left) Exposed coarse root architecture for a tropical tree on the banks of the seasonally flooded Amazon 
River, Pará, Brazil (photo credit: Joseph Xu). (Right) Fine root “mat” sampled from the surface soil layer at FLONA 
Tapajós, Pará, Brazil. 
Root system morphology describes the arrangement and structure of vascular pathways. 
Roots are classified in to two major categories: coarse roots (> 2-5 mm) and fine roots (< 2-5 
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mm) (Fig. 1.1). Coarse roots provide structural stability for trees and are the main transport 
pathways for water and nutrients acquired by the fine roots. The smaller, more absorptive fine 
roots comprise a majority of root system biomass. While root structural information is relatively 
scarce, the following sections outline the components of root system structure and their 
variability across ecosystem types. 
1.2.1.1 Coarse Root Morphology 
Coarse root morphology is characterized by general forms or archetypes that describe the 
general shape of the root system. The most common forms are tap, combination or dimorphic, 
and lateral (Fig 1.2) (R. F. Fisher & Binkley, 2012; Sutton & Tinus, 1983). Contrasting forms 
may be found within a given species, representing a phenotypic response to soil conditions and 
competition dynamics (Brown et al., 1961). Uncertainties surrounding coarse root form and 
morphology boil down to a simple question:  what is the spatial extent of an individual root 
system? Spatial extent is described by two major metrics, representing the horizontal and vertical 
axes: lateral spread and rooting depth.  
 
Figure 1.2 General coarse root forms found in forest trees. Tap roots are deep-rooting structures that contrast with 
the lateral form, which rely on shallow lateral roots to provide stability. An intermediate form, sometimes called the 
heart root form, combines both lateral and tap forms. (R. F. Fisher & Binkley, 2012) 
 
Lateral spread (or extent) defines the maximum radial distance roots extend from the 
stem. A common operational assumption is that root structure mirrors above-ground canopy 
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structure, with lateral roots extending to the edge of the tree crown. This assumption has been 
challenged by several studies examining root architecture (Casper et al., 2003; Meinen et al., 
2009; Sinacore et al., 2017; Stone & Kalisz, 1991). Stone and Kalisz (1991) found in their 
examination of 200+ species that in the absence of restrictive substrate, many species form long 
lateral roots, with observed maximum spreads exceeding 20 m. This finding is corroborated by 
Casper et al. (2003) who established that while lateral spread is indeed correlated with canopy 
spatial extent, it is not limited to it. Using a global dataset, Casper et al. (2003) developed an 
allometric relationship between the lateral spread and canopy volume: 
 
log(𝐿𝑚𝑎𝑥) = a + b log(𝐶H) , ( 1.1 ) 
 
where constant parameters a and b are dependent upon the aridity of the system (Figure 1.3). 
Root systems in arid environments, faced with more frequent bouts of water limitation, explore a 
larger subsurface area per crown volume than those in semi-arid and humid systems. While they 
have a smaller subsurface area per crown volume, root systems in semiarid to humid 
environments are able to support greater crown volumes, facilitating large lateral spreads, 





Figure 1.3 Allometric relationships for lateral spread as a function of canopy volume for arid and semi-arid to humid 
sites. Allometric scaling constants taken according to Casper et al. (2003). The presented relationship assumes a 
maximum crown volume of 50 m3 for arid systems and a maximum of 500 m3 for the semi-arid to humid system, 
based on back of the envelope approximations. 
 
Rooting depth plays a critical role in individual and community hydrological and 
biogeochemical cycling (Pierret et al., 2016) and is a key variable for many ecohydrologic and 
biogeochemical models because of its effect on energy budget partition and element (i.e., 
nutrient, carbon) cycling in the environment (Yang et al., 2016). Observational and modeling 
evidence support species specific rooting depth as a principal hydraulic strategy for maintaining 
uptake during short- or long-term water limitation (Brum et al., 2018; Matheny et al., 2017; 
Mathias et al., 2016; Paz et al., 2015).  In a global meta-analysis, Canadell et al. (1996) found 
that tree species, aggregated across all ecosystem type, have a mean maximum rooting of ca. 7 m 
(Figure 1.4). When assessed by ecosystem type, tropical evergreen trees had the deepest roots, 
with a mean maximum of 6.45 m, while temperate broadleaf trees had the shallowest, with a 
mean maximum of 2.95 m.  
  
 
Figure 1.4 Mean maximum rooting depth across plant function groups (left) and broken down by forest ecosystem 




It is important to note that while lateral spread and rooting depth are important to 
defining the spatial extent of root system architecture, they do not fully describe how biomass is 
partitioned within the soil. Partitioning of roots along stratified depths may allow root systems to 
maintain adequate soil water supply during periods of water limitation (Brum et al., 2018; Ivanov 
et al., 2012). 
1.2.1.2 Fine Root Morphology 
Fine roots are the site of water and nutrient absorption and represent the majority of 
biomass within the root system. While microscale morphology (e.g., branching structure) is 
important at the local scales (e.g., pore- or centimeter-scale), this discussion will focus primarily 
on larger bulk properties important for tree- and ecosystem-scale water transport processes.  
Fine root distributions are quantified as root biomass or length per unit soil volume. Root 
biomass density (RBD) is easily measured with soil cores and the most readily available. Root 
length and surface area, however, represent the actual root-soil interface and are preferred for 
plant water relations but the data are scarce. Root length can either be directly measured from 
soil cores using image analysis or derived from root biomass using specific root length. Specific 
root length (SRL) is a functional trait which relates length to biomass (SRL = root length/dry 
root biomass). Analogous to specific leaf area (SLA), SRL has been identified as a key functional 
trait as it directly links plant carbon structural investment to water uptake capacity (Cornelissen 
et al., 2003). Root length density (RLD) varies greatly (orders of magnitude) among ecosystems 
as a function of water availability, with higher RLD found in arid climates (Fig. 1.5). Regardless 
of actual rooting depth, the majority of root density is typically found within the top 1 m of soil. 
RLD is a bulk metric, providing insights to community level root distribution, but lacks the 





Figure 1.5 Comparison of root length density profiles collected from literature for various tree species across climate 
types. Line color corresponds to climate type with blue as temperate, yellow as semi-arid, and red as arid. Marker 
style denotes the bulk soil characteristics with circle as fine, triangle as medium, and square as coarse. 
 
1.2.2 Ecophysiological controls 
The response of trees to water limitation is governed by the expression of functional traits 
that as a whole, may contribute to individual’s “hydraulic strategy”. Hydraulic strategies can be 
classified in several ways, but at their core, define the regulation of water uptake such that an 
individual may assimilate carbon, while maintaining whole system hydraulic function. As soil 
dries, the water potential within a tree decreases. If this value drops too low, emboli may form in 
xylem vessels, obstructing the flow of water. If an individual invests heavily in resistant 
anatomy, then they require less regulation at the leaf level as they are able to withstand these 
lower water potentials without the danger of embolism. On the other hand, other trees may favor 
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regulation at the leaf level, preferring to store carbon in other labile forms than invest in emboli 
resistant anatomy. 
1.2.2.1 Root hydraulic conductivity 
For transport through porous media, hydraulic efficiency or capacity is characterized by 
hydraulic conductivity and conductance. Hydraulic conductivity is an intrinsic property, 
quantifying flow per energy gradient, normalized by the surface of interest. Hydraulic 
conductance is an extrinsic property, dependent on an individual’s structure and is the scaled 
value of hydraulic conductivity (Hunt et al., 1991). For roots, which experience flow within 
xylem and through surface tissues (i.e., soil to xylem), conductivity is divided into two 
components: 1) root axial hydraulic conductivity which quantifies flow per unit energy within 
the xylem, normalized by root length, [L3 T-1 P-1 L-1]; and 2) root radial hydraulic conductivity 
which quantifies flow per unit energy for the soil-root pathway, normalized by root surface area 
[L3 T-1 P-1 L-2].  
Root radial hydraulic conductivity is orders of magnitude lower than axial conductivity, 
and is the rate limiting step for water acquisition. Radial conductivity varies in magnitude both 
within species and among species (  
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Table 1.1). Variability is attributed to complex interactions at the cellular level which 





Table 1.1 Compiled literature values for root radial conductivity, organized by gross biome type. The mean and 
pooled STD are computed from values listed in the cited works, regardless of data collection method (listed). 
Studies that applied chemical inhibition treatments were excluded. PF = pressure-flow curves, HPFM = high 
pressure flow meter (Bogeat-Triboulot et al., 2002), RPP = root pressure probe (Steudle et al., 1987). 




Pinus strobus 9.62 ± 5.51 (29) PF (Johnsen et al., 1988) 
Pinus taeda 15.6 ± 14.1 (52) PF (Sands et al., 1982) 
Populus tremuloides 5.96 ± 0.54 (20) PF (Wan et al., 1999) 
Populus 
balsamifera 
4.92 ± 2.55 (24) PF (Siemens & Zwiazek, 2008) 
Quercus cerris 7.99 ± 0.96 (5) HPFM (Nardini & Tyree, 1999) 
Quercus patraea 1.86 ± 0.66 (45) HPFM, 
RPP 
(Nardini & Tyree, 1999; 
Rasheed-Depardieu et al., 2015) 
Quercus pubescens 3.72 ± 0.86 (5) HPFM (Nardini & Tyree, 1999) 
Quercus robur 2.73 ± 1.07 (40) HPFM, 
RPP 
(Nardini & Tyree, 1999; Steudle 
& Meshcheryakov, 1996) 
Quercus rubra 3.87 ± 1.89 (30) PF (Cheng, 2009; Kruger & Sucoff, 
1989) 
Quercus suber 3.94 ± 1.10 (5) HPFM (Nardini & Tyree, 1999) 
Ulmus americana 0.763 ± 0.10 (28) PF (Cheng, 2009) 
Betula papyrifera 7.15 ± 3.61 (6) PF (W. Zhang & Zwiazek, 2016) 




14.6 ± 2.92 (12) PF (Tyree et al., 1998) 
Pouteria reticulata 8.13 ± 1.04 (12) PF (Tyree et al., 1998) 
Gustavia superba 18.3 ± 3.96 (12) PF (Tyree et al., 1998) 
Apeiba 
membranacea 
24.2 ± 4.58 (12) PF (Tyree et al., 1998) 
Miconia argentea 7.50 ± 1.04 (12) PF (Tyree et al., 1998) 
Shorea balangeran 6.79 ± 1.61 (5)  PF (Shimizu et al., 2005) 
Shorea acuminate 3.84 ± 1.07 (5) PF (Shimizu et al., 2005) 
Shorea johorensis 6.61 ± 1.96 (5) PF (Shimizu et al., 2005) 
Shorea multiflora 4.29 ± 1.43 (5) PF (Shimizu et al., 2005) 
Macaranga 
gigantean 
4.73 ± 2.86 (5) PF (Shimizu et al., 2005) 





1.3 Root structure and function in hydrological models 
Connections between vegetation and land surface hydrology are long established. 
Gradmann (1928) first recognized that for an isothermal system, water potential is a gradient 
from soil to plant to atmosphere, where flow is proportional to the resistance of the component 
parts. His work was largely overlooked for twenty years until van den Honert (1948) 
reintroduced and refined it. Van den Honert described plant water transport as a catenary process, 
a chain where the soil-root interface and leaf-atmosphere interfaces formed the terminal ends of 
the soil-plant-atmospheric continuum (SPAC). Analogous to Ohm’s law of electrical current, the 
portion of the system with the highest resistance governs the rate of the whole. Interactions 
between the rhizosphere and soil became a topic of research for many prominent soil physicists 
including J.R. Philip (1957), van Genuchten, and W.R. Gardner. Gardner (1960)  is credited with 
one of the first model formulations for the movement of water from soil to root. Fiscus (1975) 
expanded the potential term to include the effect of solute concentrations on flow, as described 
by the osmotic potential. The combination of pressure and osmotic gradients helped explain non-
linear pressure-flow relationships observed in previous experiments. Continued work on the role 
of root water uptake in both plant scale and climate models has varied in complexity, dependent 
on the respective scales of the problems considered.  
Models have formed two distinct groups: empirically based macroscopic models which 
relate uptake to root distributions (Feddes et al., 2001; Ivanov et al., 2008; Jarvis, 2011), and the 
more physically-based microscopic models which examine uptake into individual root systems or 
branching segments (Doussan et al., 2006; Javaux et al., 2008; Landsberg & Fowkes, 1978; 
Schneider et al., 2010). In recent years, a third group has emerged which attempts to resolve root 
scale information at the macroscopic scale for use in large scale models (Couvreur et al., 2012; 
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de Jong van Lier et al., 2008).  
1.3.1 Microscopic models 
 
Microscopic models resolve flow at the scale of a single root segment or branch. Models 
which operate at the scale of a whole root system are also referred to as mesoscale models. 
Modeling flow into an individual root branch, Landsberg & Fowkes (1978) described flow along 
the potential gradient as being proportional to both the axial and radial hydraulic conductivity of 
the root. The radial component represents the resistance formed between the soil and the living 
cells of the root system. The axial component occurs within the non-living xylem vessels and is 
several orders of magnitude more conductive than the radial component (as such, is neglected in 
many models). This work was later expanded by Doussan et al., (2006) to include the branching 
network of an entire root system. Drawing from mathematical graph theory, he constructed an 
incidence matrix to describe the connections between individual root segments, also known as 
the root hydraulic architecture. Micro- and mesoscale conductance can then be calculated 
utilizing principles from electrical circuit theory. This formulation, when coupled with 
appropriate models of soil physics (Doussan et al., 2006; Javaux et al., 2008; Schneider et al., 
2010), completes the pathway between soil and plant.  
A major benefit of microscopic models is that they capture compensation mechanisms 
without any additional formulation. Compensation mechanisms are merely products of the 
potential gradients found within the system. For example, as soil layers dry, the water potential 
inside the plant decreases, increasing the gradient between sparsely populated, yet still moist, soil 
layers. This results in greater uptake from these layers. Hydraulic redistribution or lift, where 
water is redistributed to different soil layers via the root system, may occur when the water 
potential inside a root segment is higher than the surrounding soil layer (Burgess et al., 1998).  
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Microscopic models, due to their physical nature, are expected to need little to no 
calibration. This benefit is overshadowed by the complex parameterizations required in the form 
of root architecture and hydraulic parameterizations (Javaux et al., 2008, 2013). Data of this 
nature is scarce and highly variable, especially for natural systems. This limitation as confined 
studies to commercial species, primarily maize and sorghum.  
1.3.2 Macroscopic models 
 Large scale macroscopic models, based primarily on root distribution parameters, were 
championed by Feddes et al. (1976) and have been included in terrestrial and global climate 
models. The Feddes-type model introduced a stress-factor b which inhibits root water uptake 
based upon current soil moisture conditions. Jarvis (1989) introduced an additional term to this 
stress function to account for compensation mechanisms. These account for changes in uptake 
regions or intensity based upon hydraulic gradients formed by heterogeneous soil moisture. IJ
IK
=
𝑓(𝛼) when 𝑓(𝛼) = 1, 𝛼O < 𝛼 < 1 and 𝑓(𝛼) =
Q
QR
	,			0 < 𝛼 < 𝛼O	where 𝛼O is the critical value 
of the weighted stress-index and is analogous to b in the Feddes formulation. In Jarvis’s study of 
oats and other crops, this value was set to be 0.25, but it could be calibrated to the specific 
system in question. A criticism of this type of model is that these parameters cannot be directly 
measured, requiring calibration for individual environments. Semi-empirical approaches were 
suggested throughout the late 1990s and early 2000s and were reviewed by (Feddes & Raats, 
2005). Feddes later recognized the limitations of the formulation to capture root water uptake 
under water limitation (2001).  
1.3.3 Hybrid models 
Proponents of the early microscopic formulations, J.R. Philip and Gardner, both indicated 
skepticism for microscopically scaled formulations of macroscopic models. Within the past 
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decade, a number of formulations have arisen which aim to balance root system structure and 
function with computational tractability. Hybrid micro/macroscopic models attempt to fill that 
middle space by incorporating morphological or hydraulic information from the individual root 
systems, but with terms that are amenable for larger scale modeling. de Jong van Lier et al. 
(2008) developed a one-dimensional hybrid that has been used by Tron et al. (2015) to model 
water use efficiency in crops. Additional attempts at hybrid models were made by Raats (2007) 
and Jarvis (2011) by approximating numerical solutions to root water uptake by hydraulic 
architectures.  
A three-dimensional approach was developed by Couvreur et al. (2012) that relies heavily 
on the previous work of Doussan et al. (1998). Specifically, Doussan et al. (1998) introduced a 
connected graph matrix that incorporates radial and axial root conductances and is used to find 
instantaneous RWU for non-uniform and uniform conditions. These envelope conditions are used 
to formulate what Couvreur et al. (2012) called a standard sink fraction and a compensatory 
conductance term.  The standard sink fraction is an aggregated quantity at the level of the soil 
voxel, which represents the proportion the roots in the soil voxel contribute to water uptake 
under normal, well-watered conditions. The compensatory conductance, is a bulk parameter 
which quantifies the conductance of the whole root system under water-limited conditions. The 
Couvreur et al. (2012) model was incorporated into the CLM model by (Sulis et al., 2019) and 
the PFLOTRAN model by (He, 2014).  
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Chapter 2 – Root Lateral Interaction and Below-Ground Structural Impacts 
on Water Uptake in a Temperate Forest 
2.1 Introduction 
Over the past decade, there has been a unified drive to increase representation of root 
zone processes in models across spatial scales and disciplinary foci. A number of reviews have 
highlighted current implementations and opportunities for improvement (Fatichi et al., 2015; 
Javaux et al., 2013; Warren et al., 2015).  As the community moves away from bulk 
parameterization of the below-ground system and towards more mechanistic representations of 
root system structure and function, questions regarding below-ground competition may be more 
fully addressed (Casper & Jackson, 1997). Specifically, how does root interaction and 
competition impact water uptake processes during water limitation? While pioneering studies 
have examined water uptake for overlapping root systems (Manoli et al., 2014), they typically 
examine only a limited number of individuals with minimal representation of root topology or 
architecture. 
Horizontal segregation of root systems, as an analogue to vertical segregation or niche 
separation, has been suggested as a potential mechanism for efficient resource utilization 
(Schenk et al., 1999). However, studies looking at competition and fine root dynamics in both 
monospecific and mixed-species stands have found strong evidence supporting overlapping root 
systems in forest systems (Lang et al., 2010; Leuschner et al., 2001; Meinen et al., 2009; 
Valverde-Barrantes et al., 2015). While dependent on species and local environmental factors 
(e.g., soil and nutrient distribution), maximum root lateral extents have been observed as far as 
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20-40m from tree stems (Meinen et al., 2009; Stone & Kalisz, 1991). These extents all but 
guarantee lateral interaction among neighboring individuals. Yet the impact such interactions can 
have on water acquisition in natural forest ecosystems is largely unaddressed. Given inherent 
difficulties to in situ measurement of below-ground processes, physically-based computational 
models of soil and root water dynamics provide an opportunity to quantify the role of root spatial 
interactions without the need for destructive field measurements. 
This chapter is driven by the following research questions: (1) How does root lateral 
interaction affect the spatiotemporal evolution of soil moisture? (2) Does investment in root 
lateral structure improve the ability of individuals to meet atmospheric demand during water 
limitation? These are addressed through the fusion of data collected from a temperate forest site 
with a three-dimensional model of root water uptake for overlapping root systems. The 
objectives of this work are to quantify the role of root structure and lateral interactions in water 
uptake processes. To meet this objective, spatiotemporal patterns of uptake, soil moisture, and 
plant water status are compared for a range of root lateral spread scenarios, architectures, and 
hydraulic properties. Finally, I explore the implications that carbon investment in rooting 
structure may have on forest systems under future water limitation. 
 
2.2 Theory and Background 
2.2.1 Root hydraulic architecture 
2.2.1.1 Root system structure 
Root system architecture varies among and within species, with axes of variation arising 
from both physiological and environmental factors. Typically, system topology can be classified 
as one of three archetypes: flat (or lateral), tap, or dimorphic. As the actual root architecture 
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could not be verified without destructive measures, simulations using both flat and tap 
archetypes were performed. While a given ecosystem may contain multiple topologies, each 
scenario in this study was assigned a single archetype.  By choosing opposing topologies for 
comparison, an envelope of potential system solutions is developed.  
Three-dimensional root structures were generated using RootBox (Leitner et al., 2010), a 
dynamic root growth model which utilizes Lindenmeyer system (L-system) strings 
(Lindenmayer, 1977) to generate branching segments along predefined production rules 
(Appendix 2A). Production parameters were defined to generate two general root archetypes: tap 
roots and flat (or lateral) roots. Tap roots are defined as ‘carrot-like’ structures with a single root 
descending from the stem, with subsequent branches extending laterally. Flat or lateral root are 
dominated by lateral roots located near the surface, with secondary roots reaching deeper into the 
soil. The flat root archetype does not have a significant tap root, with coarse structure residing in 
the superficial soil layers. 
2.2.1.2 Hydraulic parameterization 
Root hydraulic parameterization is accomplished through a hybrid macroscale approach 
(Couvreur et al. 2012). The approach uses special cases of microscale root water uptake 
equations (Doussan et al., 2006) to generate macroscale parameters that are computationally 
tractable for large domain simulations, yet maintain microscale hydraulic information. 
Specifically, for each modeled root architecture, root segments are assigned intrinsic hydraulic 
conductivities that quantify the ease with which water flows from soil to root. The microscopic 
RWU is solved for two special cases of soil water potential distribution with depth: (1) uniform 
and (2) hydrostatic. From case (1), the relative contribution of each root segment to overall water 
uptake is determined and described as standard uptake fraction, SUF, defined by Couvreur et al. 
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(2012). The SUF values depend on the specific root architecture and root hydraulic properties 
and are independent of the distribution of soil water potential or transpiration rate.  
Case (2) characterizes the root system’s response to non-uniform soil water potential. The 
compensatory conductance, Kcomp, is a macroscopic parameter that quantifies the degree to which 
total uptake is enhanced due to non-uniform potential gradients between the soil and root 
segments. When soil water potential distribution is uniform, compensatory root water uptake is 
equal to zero. Like the SUF, Kcomp depends on specific root architecture and hydraulic properties. 
These macroscale quantities are used in a coupled root and soil water physics model to simulate 
water uptake at a larger, plot-size scale. 
2.2.2 PFLOTRAN-Root Water Uptake 
PFLOTRAN, a massively parallel flow and reactive transport model (Hammond et al., 
2014; Lichtner et al., 2017), is used to solve the three-dimensional Richards equation (Richards, 
1931) to describe flow in variably saturated soil. Root water uptake is described as a source/sink 
term in the Richards equation the above macroscale parameterization (Couvreur et al., 2012). 




= ∇W𝐾(𝜙)𝛻(𝜙 + 𝑧)\ − 𝑆(𝑥, 𝑦, 𝑧, 𝑡),  (2.1) 
 
where K [L/T] is the unsaturated soil hydraulic conductivity as a function of soil water potential 
(φ [L]) and S [1/T] is the sink or source due to root water uptake.  
The domain is discretized into grid cells, represented as finite volumes with defined soil 
properties, hereto after referred to as soil grid cells. Multiple root systems may occupy the soil 
grid cell, each contributing to the overall uptake rate. At the soil grid volume, k, the total sink is 
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expressed by Couvreur et al. (2012) as 
  
𝑆`,a = 𝑇cOU,a𝑆𝑆𝐷`,a + 𝐾Odea,aW𝐻f,` − ∑ 𝐻f,h𝑆𝑆𝐷h,aihjk \𝑆𝑆𝐷`,a,  ( 2.2 ) 
   
where 𝑆`,a is the generated sink term for a root system p (p= 1, … N); Tact,p is the actual 
transpiration (or total uptake) for root system p; Hs,k is the soil water potential of the grid cell k; 
M is the total number of soil elements that root system p occupies; Kcomp  is compensatory 
conductance [m2 s-1] and SSD is the standard sink density [-].  SSD is the aggregated value of 
SUF for all microscale root nodes (n=1, …, N) occupying soil grid cell k,  
 
𝑆𝑆𝐷`,a = 	∑ 𝑆𝑈𝐹n,`onjk  . ( 2.3 ) 
 
Kcomp and SUF are determined from macroscopic parameterization routines and are specific to 
individual root systems, which is summarized in section 2.2. The total sink for a grid cell k, Sk, is 
the sum of all water uptake rates from roots occupying the cell. 
 
𝑆` = ∑ 𝑆`,apajk   ( 2.4 ) 
 
Water potential at the root collar, Hcollar, is used to determine the overall water potential status of 
the stem. Hcollar is defined as  
 
𝐻Odqqcr,a = ∑ 𝐻f,h𝑆𝑆𝐷h,aihjk −
sJRt,K
uRvwK,K




where Hcollar,p is the water potential at the root collar for root system p. A threshold water 
potential, Hth, is set to constrain water uptake at negative water potentials, mirroring stomatal 
response to water limitation. Tact is then expressed as a conditional function 
 
𝑇cOU,a = x
𝐾OdeaW∑ 𝐻f,h𝑆𝑆𝐷hihjk − 𝐻Uy,a\													𝑖𝑓	{𝐻Odqqcr,a{ > {𝐻Uy,a{
𝑇adU}nU~cq,a																																																	𝑖𝑓	{𝐻Odqqcr,a{ < {𝐻Uy,a{
			  ( 2.6 ) 
 
where Hth,p is the water potential threshold at the root collar for root p and Tpotential, p is tree-scale 
potential transpiration. 
 
2.3 Data and Methods 
2.3.1 Site description 
The study uses data collected at the University of Michigan Biological Station in 
Northern Michigan, USA (45.56o N, 84.71o W). A temperate deciduous forest, the canopy is 
dominated by big-tooth aspen (Populus grandidentata) and birch (Betula paprifera), with an 
understory consisting of red oak (Quercus rubra), maple (Acer rubrum, Acer sacchrum), and 
pine (Pinus strobes, Pinus resinous). The mean annual precipitation is 805 mm with mean annual 
temperature of 6.8oC. Soils are well-drained Haplorthods of the Rubicon, Blue Lake or 
Cheboygan series with 92.2% sand, 6.5% silt and 0.6% clay (Nave et al., 2011). Tree census data 





Figure 2.1 Site conditions and forcing for the simulation period 06/07/2010 – 08/23/2010. (a) Precipitation and mean 
daily temperature,  (b) observed soil water content from different depths near the UMBS AmeriFlux tower. (c) 
observed evapotranspiration and potential evapotranspiration as generated from tRIBS-VEGGIE. 
 
2.3.2 Tree size and allometry 
During the 2011 growing season, a 50m by 50m plot was surveyed in the footprint of the 
UMBS-AmeriFlux eddy covariance tower. The area was used as the analysis domain and 
diameter at breast height (DBH) and recorded spatial coordinates of all trees were used to specify 
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‘root collar’ locations. During post-processing, individuals with DBH ≤10cm and within 2m of 
each other were assumed to share the same root system and aggregated to form a single stem. To 
prevent domain edge effects, the computational area was expanded by 25m on all sides, with 
additional trees added at random according to plot derived distributions of stem density and size. 
The entire computational domain is thus 100m x 100m x 2m and contains 574 trees with DBH 
values from 5 to 73.5cm.  Allometric relationships from previous studies were used to 
approximate tree height, crown diameter, and crown height (Table 2.1). Crowns were assumed to 
be ellipsoids for the purposes of determining crown volume. 
 
Table 2.1 Allometric equations used to describe stem and root zone size characteristics. Equations describe tree 
height H [m], diameter at breast height DBH [cm], crown diameter W [m], crown height H’ [m], stem fraction D [-], 
crown volume V [m3], and lateral spread LS [m]. 
Tree Allometry 
Parameter Equation Source 
Tree Height 𝐻 = 9.97	 × log[𝐷𝐵𝐻] − 12.61 [Garrity et al., 2012] 
Crown Diameter 𝑊 = 2.67	 × log[𝐷𝐵𝐻] − 1.90 [Garrity et al., 2012] 
Crown Height 𝐻 = 	𝐷 ∙ 𝐻, where D = 0.6 [Canham, 2005] 
Crown Volume 𝑉 =
𝜋
6𝐻
	𝑊 Volume of ellipsoid 
Scenarios of lateral spread 
1 𝐿𝑆 = 𝑊/2                                                   )  
2 log[𝐿𝑆] = −0.202	 + 0.406 log[𝑉]             [Casper et al., 2003] 
3 log[𝐿𝑆] = 0.2978 + 0.406 log[𝑉]               [Casper, 
correspondence]  
 
2.3.3 Forcing data 
Time variant boundary conditions, specifically net precipitation and potential 
transpiration (Tpot), were generated for a subset of the 2010 growing season (06/07/2010 – 
08/23/2010)  (Figure 2.1) using the tRIBS+VEGGIE model (Ivanov et al., 2008a; Ivanov et al., 
2008b), an ecohydrologic model that represents water and energy processes and essential 
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regulatory processes for vegetation. Ecosystem scale Tpot was determined by imposing ample soil 
moisture conditions to ensure that water uptake was never constrained. Tpot was downscaled 
among tree individuals in proportion to their crown volume and fraction of root system that 





   ( 2.9 ) 
 
where Tpot,p is the potential transpiration for stem p [kg s-1], Tpot is the ecosystem scale potential 
transpiration per unit area [kg s-1 m-2], A is the simulation domain area [m2], Froot,p is the fraction 
of root system p which resides within the simulation domain [-], and Vp is the crown volume of 
stem p [m3]. 
2.3.4 Soil hydraulic properties 
Soil saturation and pressure were characterized using van Genuchten soil characteristic 
curves (van Genuchten 1980). Parameters defining the shape of the curve were taken from He et 
al. (2014) and derived from Rajkai & Várallyay (1992) to define two soil saturation curves. The 
two soil conditions represent two potential profiles for the observed soil composition. The soil 
properties used are sand 92%, silt 7%, clay 1%, organic content 0.94%, with a bulk density (ρb) 
of 1.28 g cm-3. Multiple pedotransfer functions were compared (Fig. 2.2) using the CalcPTF 
program from the USDA (https://www.ars.usda.gov/northeast-area/beltsville-md-barc/beltsville-
agricultural-research-center/emfsl/docs/environmental-transport/calcptf/). The two soil 





Figure 2.2 Two soil water retention curves were used in this study, soil 1 (blue) and soil 2 (orange). Other potential 
models are highlighted in gray and were calculated using the CalcPTF software that models multiple pedotransfer 
functions. 
 
Table 2.2 Soil hydraulic parameters used to define the van Genuchten (1980) soil characteristic curves. Soil 1 
properties were taken from (He et al., 2014) and soil 2 properties were derived from (Rajkai & Várallyay, 1992). 
Soil Hydraulic Properties 
Parameter Soil 1 Soil 2 Unit 
Ks, Saturated hydraulic 
conductivity 
350 350 mm h-1 
qs, Saturated volumetric 
soil moisture content 
0.3700 0.4856 m3m-3 
qr, Residual volumetric 
soil moisture content 
0.0400 0.0056 m3m-3 
a, Shape parameter of 
van Genuchten (1980) 
-0.0052 -0.0029 mm-1 
n, Shape parameter of van 
Genuchten (1980) 
1.68 1.38 - 
 
2.3.5 Root distributions and zones of uptake   
Root length density (RLD) is an important metric used to describe the length of root per 
soil volume available for uptake. Length does not linearly scale with the more commonly 
measured biomass and therefore requires additional metrics for conversion, such as root diameter 
distribution (Fig. 2.3a). Root biomass density (RBD) was measured by soil cores at 20cm 
intervals to a depth of 80cm, described previously by (He et al., 2013). While species were not 
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identified, samples were taken across the monitored plot and the resulting distribution assumed 
to be representative of the study area. Specific root length (SRL), the ratio of root dry mass to 
root length, was measured for root diameters ≤ 2mm. Fine root distribution was divided into four 
diameter classes (0-0.05 mm, 0.05-0.1mm, 0.1-0.15mm, and 1.5-2.0mm) based on fractions 
reported for similar temperate forest sites (Makita et al., 2009; Montagnoli et al., 2012). The 
RLD profile is described by 
 
𝑅𝐿𝐷(𝑧) = ∑ 𝑓~𝑅𝐵𝐷(𝑧)𝑆𝑅𝐿~o~jk   ( 2.10 ) 
 
where RBD(z) is root biomass density [g m-3] as a function of depth z, SRL is specific root 
length for diameter class i [m g-1], f is the fractional percentage of diameter class i, and N=4 is 




Figure 2.3 (a) Natural log of specific root length as a function of fine root diameter with non-linear regression giving 
ln(SRL)=7.178 exp(-0.7337d), with R-square of 0.9340. (b) The calculated profile of RLD for UMBS. The dark 
gray shaded region encompasses the 10th – 90th percentiles, the light shaded region encompasses the 25th – 75th 
percentiles, and black line is the median. (c) RLD profile for 574 trees with each line representing an individual root 
system (within the cylindrical volume defined by root lateral spread and depth), with the dark black line representing 
the median RLD profile. Inset: Relative frequency of total root surface area for root systems in the domain. (d) 
Spatial distribution (plan view) of surface (maximum, top 0-10cm) RLD for the domain. 
 
The centroid of root water uptake characterizes the “center of mass” of soil moisture sink 
density distribution due to individual’s transpiration flux. If water uptake is proportional to the 
root length density distribution, the centroid of uptake will occur at the root system’s center of 
mass, which is equal to 0.385 m for the root distribution in Fig. 2.3b. If the centroid shifts above 
the center of mass, this indicates roots in shallow layers are contributing proportionately more to 
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uptake than deeper roots. The reverse is true for when the centroid shifts below the root 
distribution center of mass. To compare values across the different scenarios with variable 
magnitudes of cumulative uptake, each individual’s centroid was weighted by its daily uptake.  
2.3.6 Lateral spread scenarios 
Three scenarios of lateral spread were designed to examine the relationship between root 
spatial interactions and tree water status (Figure 2.4). Scenario 1 (Sc1) acts as a ‘lower bound’ in 
which root system extent mirrors the projection of leaf crown extent onto the horizontal plain. 
Scenarios 2 and 3 (Sc2 and Sc3) utilize root allometric relationships from Casper et al. (2003) to 
determine lateral spread as a function of crown volume. While the coarse architecture of the root 
systems expand, fine roots are spatially redistributed such that each scenario maintains the same 





Figure 2.4 (Top) Root architectures generated with the RootBox model (flat and tap root archetypes) for lateral 
spreads of 1m and 20m, with fixed rooting depth of approximately 80cm. Fourth and fifth branching order roots are 
not shown. (Bottom) Three scenarios of lateral spread with an increasing degree of interactions from left to right. 





Figure 2.5 Illustration of root lateral interactions for SC1 (a, c, e) and SC3 (b, d, f). (a – b) Domain scale RLD  for 
the extrema scenarios with the simulated median (black dashed lined) and 25-75th percentile range (shaded gray) 
shown against the observed profile percentiles (10th, 25th, 75th, and 90th in light gray dashes; average profile black 
solid line). (c – d) Areal view of 90th percentile RLD at 5m x 5m scale. (e – f) 3D domain slices showing RLD wth 
depth across simulation domain at 0.05m depth scale. Color scales are uniform across (c – f) 
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2.3.7 Root competition index 
Tree size is frequently used to extrapolate system scale behavior from local 
measurements. While size plays a large role in determining the area from which individuals 
acquire water and nutrients, it does not account for competition from neighboring individuals. To 
account for both system size and spatial interactions, we adapted above-ground competition 
metrics (Arney, 1973) to develop a “Root Competition Index” (RCI). The RCI is given by 
 





  ( 2.11 ) 
 
where aij is the area of root zone overlap between subject tree I and competitor j, RAi is plan area 
of root system I, and n is the number of competitors as defined by area overlap.  
2.3.8 Representative individuals  
To characterize water uptake and water potential status of the forested patch, 
representative individuals were selected for observation using k-means cluster analysis (Lloyd, 
1982). For each lateral spread scenario Sc1-Sc3, clusters (k = 4) were obtained according to 
DBH and RCI. Each cluster partition was assigned a value (1-4) that ranked its degree of 
interaction relative to the other partitions. For example, a value of 1 would indicate low spatial 
interaction relative to the other clusters, while 4 would indicate a high degree of spatial 
interaction relative to the other clusters. These rankings were summed across the three lateral 
spread scenarios to determine an aggregate or “total rank”, with values ranging from 3-12. The 
aggregate rank accounts for nonlinear changes in root system overlapped areas across the 
scenarios and unites the scenarios under one metric.  
Cluster analysis was repeated for the aggregate rank and DBH, identifying four distinct 
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groups: low interaction, moderate interaction, high interaction, and large trees (Fig. 2.6). RCI 
takes into account only root area overlap, not the size of the trees sharing the root space.  Tree 
size is needed to quantify the demand for water in the shared root space. The three “interaction” 
groups encompass individuals with DBH ≤30cm with different values of the rank metric. ‘Low’, 
‘moderate’, and ‘high’ clusters have ranks ranging from 3-5, 5-8, and 9-12, respectively. The 
‘large tree’ cluster encompasses individuals with DBH ≥15cm with ranks ranging from 6-10. 
Representative individuals from each cluster (N=3-5) were randomly selected and used in the 
subsequent analysis. 
 
Figure 2.6 (a) K-means cluster analysis for all 127 individuals of the inner 50m x 50m plots based on aggregate rank 
and DBH. (b) Relative frequency per size class for each representative group. (c) Representative groups within the 
simulation domain, with randomly selected individuals marked by black circles and their simulation identifier. In all 
plots, groups are represented as low interaction (green diamond), moderate interaction (yellow triangle), high 




2.4.1 Magnitude of uptake 
The growing season was marked by consistent rainfall events until simulation day 22 
when precipitation events decreased in magnitude and frequency (Figure 2.1). The mid-season 
dry period ended on day 68, when more frequent precipitation resumed. A comparison of eddy-
covariance measured latent heat fluxes with domain scale Tpot indicate that despite relative soil 
dryness, Tact was not constrained (Figure 2.1), with a cumulative total of 281mm over the period.  
 



















11 High Interaction 0.50 0.50 0.51 -0.89 0.84 0.82 1.41 
12 High Interaction 0.50 0.50 0.48 2.70 0.55 0.54 1.36 
53 High Interaction 0.17 0.17 0.19 -6.93 0.29 0.29 0.24 
84 High Interaction 0.38 0.38 0.37 1.09 0.66 0.62 4.01 
36 Large Tree 0.70 0.70 0.61 5.60 1.25 1.22 2.09 
41 Large Tree 0.74 0.74 0.65 7.89 0.93 0.92 1.29 
76 Large Tree 1.06 1.06 0.96 5.83 1.54 1.46 4.49 
88 Low Interaction 0.07 0.07 0.08 -11.24 0.08 0.08 -0.86 
100 Low Interaction 0.05 0.05 0.05 0.00 0.05 0.05 -1.02 
109 Low Interaction 0.10 0.10 0.10 -0.22 0.10 0.10 0.45 
122 Low Interaction 0.03 0.03 0.03 0.00 0.03 0.03 0.00 
129 Low Interaction 0.02 0.02 0.02 0.00 0.02 0.02 -1.20 
48 Moderate 
Interaction 0.47 0.47 0.47 -0.34 0.50 0.51 -1.59 
89 Moderate 
Interaction 0.06 0.06 0.06 -0.95 0.05 0.05 -0.02 
97 Moderate 
Interaction 0.20 0.20 0.20 -0.13 0.19 0.19 -0.63 
 
Under Soil 1, Tact does not meet Tpot due to excessive drying of the soil across Sc1-Sc3 
(Fig. 2.6a). As root lateral spread increases, accessible soil water reservoirs grow, elevating Tact 
from 183 to 233mm. For Soil 2, which had higher porosity and overall soil water content, uptake 
was not constrained and Tpot was met across all three scenarios.  
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The influence of root structural archetype (e.g., flat roots vs. tap roots) was examined 
across all lateral spread scenarios. The cumulative difference in growing season uptake for 
individuals varied from 0 – 11.2% and 0 – 4.5% for SC1 and SC3 respectively (Figure 2.57). for 
an individual breakdown). Averaged across the representative groups, variations were most 
pronounced for large trees in Sc1 and to a lesser extent, those experiencing high competition (). 
Given the similarity between flat and tap root results, results and discussion will refer to flat 
roots unless otherwise noted.  
 
Figure 2.7 Cumulative water uptake (mm) for representative root systems. Each subplot is titled with the root’s 
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identification number (Table 2.3). Sc1 is shown in dashed lines, Sc3 in solid lines, and potential transpiration in 





Table 2.4 Mean percent difference of cumulative uptake between root archetypes for the extrema lateral spread 
scenarios 
Classification Sc1 Mean Std Sc3 Mean Std 
Low Interaction -2.29 4.48 -0.53 0.64 
Moderate Interaction -0.47 0.17 -0.75 0.65 
High Interaction -1.01 0.12 1.76 1.39 




Figure 2.8 (a) Cumulative system-scale uptake [mm] for Sc1-Sc3 under water-limited conditions. Cumulative 
system-scale uptake for Soil 2 was equal to the potential transpiration which is shown in black. (b) Number of “soil 
controlled days” (e.g., days when dry soil limits water uptake) for the representative clusters for the extrema 
scenarios. Quartile ranges are given by the box length, range by the whisker, median by the black interior line, and 
outlier by the open marker. (c – d) Mean daily uptake [kg/hr] for the representative clusters for the extrema lateral 
scenarios. Solid lines represent the flat root archetype and dashed lines represent the tap root. Colors follow the 
color scheme previously introduced and shown in (b). 
2.4.2 Shifting zones of water uptake 
Under water limitation (Soil 1), individual uptake during the mid-period shifts away from 
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the root system’s center of mass into deeper soil layers (Figure 2.69, left panel). The centroid 
responds quickly to small pulses of rainfall, returning to the center of root mass distribution or to 
surface layers as water infiltrates through the soil column. The mid-period rainfall events were 
not large enough to saturate the entire soil column, with the centroid returning to deeper layers as 
the pulse was depleted. As lateral interactions increase (Sc1à Sc3), the magnitude of the 
centroid shift increases across all representative groups. Without water limitation (Soil 2, Figure 
2.7, right panel), there are no significant shifts away from the center of root mass distribution.  
 
 
Figure 2.9  (left panel) The shift of the weighted centroid of water uptake away from the center of root mass 
distribution (0.385 m) for Soil 1 for the three interaction scenarios. (right panel) The shift of the weighted centroid 
of uptake away from the center of mass for Soil 2 for the same interaction scenarios. In all plots, interaction groups 
are given by the legend, gray bars are daily precipitation [mm], and the shaded gray is the observed “dry period”. 
At the system scale, water uptake from characteristic wet (days 22-26) and dry (days 34-
38) periods were compared for four soil layers (Fig 2.10). During the well-watered period, the 
relative contribution of different soil layers is fairly consistent, mirroring the root length density 
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distribution. However, as these layers dry and water limitation sets in, the relative contribution of 
deeper soil layers (specifically, 40-60cm and 60-80cm) increases significantly. These shifts are 
seen across all lateral interaction scenarios, but at varying intensity. 
 
Figure 2.10 (top) The relative contribution of the various soil layers (see the legend) to domain scale water uptake 
for Sc1 and (bottom) Sc3. The simulation results for the characteristic wet period is denoted with the solid lines and 
for the characteristic dry period with the dashed lines. The results correspond to Soil 1. 
 
2.4.3 Soil moisture 
Mean soil water content in the root zone (top 80cm) decreased from 0.20 m3 m-3 in the 
early growing season to <= 0.10 m3 m-3 in the mid-season dry period. As rain events became 
more frequent, mean water content rose above 0.10 m3 m-3. Mean soil water content values were 
comparatively lower during the dry period for Sc3, indicative of the higher rates of cumulative 
uptake (Fig. 2.11a). Spatial patterns of soil moisture closely track root system distributions (Fig. 
2.11c,d), with Sc1 displaying higher heterogeneity than Sc3. This is especially apparent when 
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examining the coefficient of variation (Cv) of root zone soil water potential across the simulation 
period (Fig. 2.11b). Sc1 and Sc2, with similar root density distributions show similar patterns of 
Cv, with values exceeding 1 during the dry period, indicating that the standard of deviation is 
higher than mean. Cv for Sc3 was significantly lower, never exceeding 1, even during the mid-
season dry period.  
 
 










at 2 x 2 m scale. (c – d) Mean relative saturation, averaged across the dry period, for Sc1 and Sc3 respectively at 
0.05 m scale. (e) Coefficient of variation for soil water potential for Sc1 – Sc3 across the simulated period, with dry 
period indicated as shaded gray. 
 
Hourly mean soil water content for SC1 and SC3 show similar patterns across the 
simulation period, but overall soil moisture was lower for SC3. This can be explained by root 
distributions. In SC3, roots occupied every soil cell in the surface layers, while in SC1 some cells 
in the top 80cm had no roots. Soil moisture patterns and magnitudes agree relatively well with 




Figure 2.12 Hourly mean soil water content at 5, 15, 30, 60, 100, and 200cm for (top) soil 1, Sc1 and (bottom) soil 1, 






2.4.4 Sensitivity of root hydraulic architecture 
Beyond root structure, sensitivity to hydraulic parameterization was also tested. 
Increasing root system conductivity can result in increased rates of water uptake. These increases 
plateau as the system reaches a limit of water availability (not shown). The increases in 
conductivity also increase the rate of water moving from root to soil. As the source function is 
not limited in volume the same way the sink function is, HR scales exponentially with increased 
values of Kcomp. Similar increases in HR with high root hydraulic conductivity were observed by 
(Quijano & Kumar, 2015), but in this study, these increased rates did not translate to alleviation 
of water stress.  
A further analysis of the sensitivity of Kcomp to microscale properties (e.g., surface area 
and root hydraulic conductivity) was performed using traits from dominant species found at the 
UMBS (Table 2.5). Measurements were placed in consistent units and checked for compatible  
normalization. Axial conductivity is normalized per unit root length basis and has the units [m3s-
1MPa-1m-1] or [m2s-1MPa-1]. Radial conductivity is normalized per root surface area basis and has 
the units of [m3s-1MPa-1m-2]. It is important to note there are multiple methodologies for 
measuring hydraulic conductivity in woody tissues, and further, the compatibility of the various 
methods is still under scrutiny (Cochard et al., 2013). For the purposes of this work, the various 
protocols were assumed compatible and temporal changes in hydraulic conductivity (due to age 
or environmental factors) were not accounted for. Where multiple studies existed for a single 
species, the means and variances were pooled using unbiased least squares estimation. 
 
Table 2.5 Compilation of root radial hydraulic conductivity values from the literature. 






Betula papyrifera 7.15E-08 ± 3.61E-08 (6) (W. Zhang & Zwiazek, 2016) 
Pinus strobus 9.62E-08 ± 5.51E-08 (29) (Johnsen et al., 1988) 
Populus tremuloides 21.7E-08 ± 18.2E-08 (48) (Siemens & Zwiazek, 2003; 
Wan et al., 2001) 
Quercus rubra 3.87E-08 ± 1.89E-08 (30) (Cheng, 2009; Kruger & 
Sucoff, 1989) 
Ulmus Americana 0.76E-08 ± 0.10E-08 (28) (Cheng, 2009) 
 
Kcomp was computed for the range of radial root hydraulic conductivity values for flat and 
tap root archetypes. Kcomp was found to have a log-linear relationship with radial hydraulic 
conductivity, Kr (Figure 2.13). This relationship held even if each branching root order was 
assigned a different value of Kr. Changing axial conductivity, Kx, which is typically assumed 
much larger than Kr, merely shifted the intercept, but had no impact on the slope. At the lower 
range of conductivities some instability in the computation of Kcomp develops but values in this 
range are lower than typical observations of root conductance and were not used in this study.  
 
 
Figure 2.13 (left) Sensitivity of Kcomp to radial conductivity, Kr, for flat root architectures. (right) Sensitivity of Kcomp 
to radial conductivity, Kr, for tap root architectures. 
 
2.4.5 Root collar potential 
The water potential at the root collar was computed for the representative individuals 
across the simulation period (Figure 2.14). Root collar potential is a function of both soil water 
potential and atmospheric demand. Diurnal shifts from the baseline are due to atmospheric 
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demand, with larger trees experiencing higher fluctuations – as seen by trees 36 and 76 in the 
sample plot. Higher interaction individuals experience greater soil drying, causing shifts in 
baseline soil water potential, as seen by trees 97 and 100. The baseline water potential is 
analogous to predawn leaf water potential (a metric frequently used in ecophysiological studies 
to assess gradual changes in plant hydraulic state during drought spells) while the diurnal swings 
are analogous to mid-day leaf water potentials (indicative of plant hydraulic function). 
 
Figure 2.14 Hourly root collar potential for the representative trees for the entire simulation period. Tree numbers 
are given as subplot titles. 
 
2.5. Discussion 
2.5.1 The carbon cost and water benefit of interaction 
The primary focus of this study has been to examine the impacts of root lateral expansion 
46 
 
and peer interaction on root water uptake – where expansion refers only to extension of the 
coarse root architecture. System scale fine root density was kept constant across all tested 
scenarios. Coarse roots (>2-5mm in diameter, depending on source) provide structural stability 
for the absorptive fine roots and are the primary transport pathways for water to the stem. 
Individuals incur a greater carbon cost, both from construction and maintenance, as roots extend 
horizontally or vertically through soil layers (Fig. 2.15a, b). This growth increases the size of an 
individual’s soil water reservoir, but realized benefits to water uptake are nonlinear. As new 
water reserves are accessed, peer interaction and demand likewise increase, potentially reducing 
the actual water available to the individual. 
In the lowest interaction scenario (Sc1), “large trees” (>25cm) constrain uptake more 
often and earlier than smaller trees, unable to meet their proportionately larger atmospheric 
demands. Large expansions in lateral spread (Sc3) improve uptake during the dry period, but do 
not completely allay constrained uptake. While the lateral spreads of Sc3 (as high as 30m for the 
largest individuals) provide ample supply in the absence of peers, increased rates of interaction 
and competition counteract this benefit, with individuals still unable to meet demand (Fig. 2.15c 
“Large trees”). “High interaction” root systems also experience the impacts of water limitation 
more strongly than other groups (Fig. 2.15c “Low Interaction” and “Moderate Interaction”). 
These individuals represent a range of tree sizes that experience high levels of root zone overlap 
(i.e., high RCI) across all scenarios. Again, increasing lateral spread alleviates constrained uptake 
to a degree, but individuals are still unable to meet the full atmospheric demand (Fig. 2.15c 
“High Interaction”).The “large tree” and “high interaction” groups both show increasing relative 
carbon costs across Sc1-3. Despite these high relative costs, additional benefit is not gained, as 





Figure 2.15 (a) The relative carbon cost of fine roots for Sc1 – Sc3. (b) The relative carbon cost of coarse root 
architecture for Sc1 – Sc3. (c) Relative crown volume of each representative group. (d) The relative structural 
carbon cost (Y-axis) versus the ability to meet atmospheric demand (X-axis) under Soil 1 for the four representative 
tree groups. The gray shaded region encompasses the majority of trees as illustrated by the combined crown 
volumes of high interaction and large trees presented in (c). 
 
An alternative viable strategy to ameliorate drought stress is to access deeper soil water. 
Deep rooting has long been proposed as a coping mechanism for water limitation in some 
species (e.g., (Barbeta et al., 2015; Nepstad et al., 1994; Thomsen et al., 2013)). We instituted a 
uniform rooting depth of 80cm, a depth which encompasses a majority of the fine root profile, to 
isolate the impact of lateral spread. With this limit, mean soil water content in deep soil layers 
(>=1m) remained greater than 0.10 m3 m-3 across the simulated period.  Observations from the 
UMBS show extremely dry deep soil layers, with soils from 1-3m maintaining values close to 
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residual saturation (0.03-0.04 m3 m-3) for the majority of the growing season (Figure 2.1). This 
suggests that further deep soil drying to occur in simulation, a deeper rooting profile would be 
required. This is supported by empirical evidence of deep water uptake by species during dry 
periods as means of maintaining the transpiration stream. For example, in Matheny et al. (2014) 
deep-rooted red oaks (Quercus rubra) were able to meet atmospheric demand during dry periods 
while shallow-rooted red maples (Acer rubrum) were not. To cope with water limitation, 
individuals with high atmospheric demand and those with high competitive pressure or lateral 
interaction must optimize both lateral spread and rooting depth, if they wish to maintain water 
uptake during dry periods. Our analysis supports other studies that highlight the importance of 
both tree size and spatial proximity in assessing drought resilience (Larocque et al., 2012; 
Lechuga et al., 2017). 
2.5.2 Homogenization of soil moisture 
Spatial patterns of soil moisture track closely with root spatial distributions, becoming 
more homogeneous across the scenarios. As shallow soil layers (0-30cm) are more uniformly 
depleted, the centroid of uptake across all representative groups is driven further below the 
center of mass. This is most evident when inspecting the “low” and “moderate” interaction 
groups. In Sc1, these groups have relatively “exclusive” access to water reserves in the 
surrounding soil, averting extreme drying from shallow layers. Uptake instead occurs across the 
entire root profile, the centroid close to the center of root system biomass. As lateral interactions 
increase and the once exclusive soil water reserves are now shared spaces, “low” and “moderate” 
individuals must dynamically adjust their uptake to deeper soil layers.  
From a physical standpoint, the homogenization of soil moisture by vegetation represents 
a minimization of the free energy of the system. Heterogeneous fields represent a non-optimal 
energy state which consist of sharp soil water potential gradients and unutilized pockets of 
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moisture. The consequences of extreme soil water potential gradients may be the cavitation of 
root xylem vessels. Fine roots, often described as a plant’s ‘surge protector,’ may protect the rest 
of the hydraulic system by cavitating, preventing embolism from spreading further into the 
system and reducing overall tension on the water column. 
2.5.3 Emergent system properties 
Implementation of root water uptake and root system structure in terrestrial models is still 
a large area of opportunity for the research community (Warren et al., 2015).  Yet, three-
dimensional representation of individual root architecture and simulation of water uptake 
requires a substantial data and time investment. While the hybrid macroscale formulation of the 
model significantly reduces computational load, post-processing of 574 root systems at the 
hourly timescale would constitute a large computational effort, while gaining minimal additional 
information. As such, aims were taken to identify individuals which could elucidate the higher 
level, system scale impacts of root system structure and function. Representative individuals 
were chosen with a cluster analysis that accounts for both the size of an individual and their 
positions in the community structure.  
The representative groups showed divergent behavior in their response to water limitation 
in terms of zones of uptake and ability to meet potential demand. Individuals of the same size, 
but with different degrees of interaction, responded differently, with higher degrees of interaction 
driving water uptake into deeper soil layers.  
 
2.6. Summary 
The degree of spatial interaction between root systems is a contributing factor to dynamic 
root water uptake, with increased interaction contributing to shifting uptake to deeper soil layers 
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under drying conditions. As the lateral spread of root systems expand and interactions increase, 
the soil moisture field is homogenized, minimizing the free energy in the field, but generating 
additional construction and maintenance costs for the system. Our work shows that beyond 
rooting depth, lateral or horizontal interactions are an important dimension to consider when 
examining uptake, especially under conditions of water limitation.   
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Appendix 2A Root Architecture Parameters 
RootBox was used to generate root architectures for the simulation domain. Two general 
archetypes were assumed: flat root and tap root systems. Roots were grown to desired lateral 
spreads by exploiting the relationship between total branch length (k) and inter-branching 
distance (ln), 𝑘 = 𝑙𝑛(𝑛𝑜𝑏 − 1) + 𝑙𝑎 + 𝑙𝑏, where nob is the number of children branches to be 
spawned, la is the apical segment length, and lb is the basal segment length. Additional root 
orders were added to increase total root length and surface area.  Example parameters for the flat 
and tap roots are given in Table . While RootBox incorporates natural stochasticity in spawning 
branch angles (e.g., parameter β in Leitner et al. 2010), we selected for architectures that are 


















r, growth Rate d/LS 1.0 5.0 5.0 5.0 [L/T] 
lb, length of basal zone 0 0 0 0 0 [L] 
la, length of apical zone 0.1 0 0 0 0 [L] 
nob, number of 
branches 
33 801 3 3 1 [-] 
a, root radius      [L] 
q, angle between order 
and predecessor 
0 π/2 π/4 π/4 π/4 [rad] 
maximum root 
deviation due to 
tropism 
0 0 0 0 π/3 [rad] 
dx, axial resolution 1 1 1 1 1 [L] 
 












r, growth Rate 10 10 10 10 10 [L/T] 
lb, length of basal zone 0 0 0 0 0 [L] 
la, length of apical zone 0 0 0 0 0 [L] 
nob, number of 
branches 
27 32 20 11 3 [-] 
a, root radius      [L] 
q, angle between order 
and predecessor 
0 π/2 π/4 π/2 π/4 [rad] 
maximum root 
deviation due to 
tropism 
0 0 π/2 π/4 π/3 [rad] 









Figure 2.16 (Left, from top to bottom) Flat root systems for lateral spreads 1.5, 5, 9, and 20-m with 0.8m rooting 
depth. (Right, from top to bottom) Tap root systems for lateral spreads 1.5, 5, 9, and 20-m with 0.8m rooting depth. 
For visualization, only four of the five root orders are shown.
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Chapter 3 – Feedbacks of Root Functional Diversity on Water Uptake in a 
Tropical Rainforest 
3.1 Introduction 
The tropical rainforests of the Amazon Basin region play a significant role in global 
energy, carbon, and water cycling, with climatic influences extending as far as North America 
(Medvigy et al., 2011, 2013). The increased frequency and severity of drought events in the 
region has highlighted the potential vulnerability of rainforests to heat and drought-induced 
stress (Phillips et al., 2009; Xu et al., 2011). Yet, current projections of forest fate are belied by 
model uncertainties that have been unable to fully capture observed physiological responses to 
water-limitation (Sitch et al., 2008). Water uptake processes by root systems have been identified 
as an area of critical import to reducing overall uncertainty and improving the ability of land 
surface models to quantify forest response to extended dry season and drought events 
(McDowell et al., 2013; Sperry & Love, 2015). 
For individual trees, the response to abiotic stress is determined by the expression of 
functional traits that regulate internal biochemical and biophysical processes. Analogous to an 
economic market analysis, a tree’s behavior is driven by cost-benefit analysis where individual 
investment in and regulation of shared resources follow distinct and varied evolutionary 
strategies (Reich, 2014). This ‘plant economic spectrum’ provides an amenable axis with which 
to explore how these investment strategies evoke varied responses to changing patterns of 
precipitation. Those trees that favor continual carbon uptake at the cost of system safety are 
termed “risky,” while those who conserve water at the cost of taking up carbon are termed 
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“conservative” (Skelton et al., 2015). Each strategy poses inherent risk, as those who conserve 
water for extended periods of time without adequate carbohydrate reserves run the risk of carbon 
starvation, while those who continually take up carbon during extreme drought conditions can 
suffer permanent damage to hydraulic pathways due to embolization of xylem conduits 
(McDowell et al., 2008). How these strategies coexist within an ecosystem remains an open 
question to which the root zone function plays a vital, yet often ignored role. 
 For the rainforests of the Amazon, which contain more than 11,000 woody species and 
over 270 hyper-dominant species (ter Steege et al., 2013), a wide range of functional strategies 
for water uptake likely exists. These strategies are driven by both root structural (Ivanov et al., 
2012; Nepstad et al., 1994) and ecophysiological controls (Barros et al., 2019; Brum et al., 2018; 
Oliveira et al., 2005). Chapter 2 explored the impacts of root lateral interaction on water uptake 
during water limitation in a temperate forest. The temperate forest system represents a low 
diversity system with a handful of functional strategies. This chapter builds upon this previous 
work to explore the impact of root functional strategy on water uptake by addressing the 
following research questions: (1) How does diversity of hydraulic strategy contribute to the 
maintenance of the transpiration stream during water limitation? And (2) what root structural and 
physiological traits are important in determining drought response? 
 These research questions are addressed in the context of the unprecedented ENSO 2015-
2016 event which caused record-breaking warming and drought across much of the Amazon 
River Basin (Jiménez-Muñoz et al., 2016). Data were collected and synthesized from a highly 
seasonal rainforest located in the eastern Amazon River Basin and used to parameterize the 
coupled soil-root water uptake model presented in Chapter 2. The model is used as testing bed to 
explore the role of various below-ground structural and ecophysiological controls on root water 
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uptake during the 2015-2016 ENSO dry season. 
 
3.2 Methods 
3.2.1 Site description 
This study uses data from the highly seasonal Tapajós National Forest (TNF), located in 
the eastern portion of the Amazon River basin. Measurements and supporting data were collected 
at or in the vicinity of the ‘KM67’ eddy covariance tower (FluxNet: BR-SA1). The climatology 
is moist tropical, receiving ~1,920 mm per year of precipitation, with a pronounced dry season 
(monthly precipitation <100 mm) from July through November (Parotta et al., 1995). The soils 
are deeply weathered clay Oxisols, with no impeding layers in the upper 12 m (Nepstad et al., 
2007). The monitored area is on a plateau approximately 250m above the Tapajós River, with 
deep water table.  
3.2.2 Structural relationships  
3.2.2.1 Tree census 
During the 2014 field season, an intensive survey of individual species, size, and location 
was conducted within the sap flow monitoring area. Large anchor trees formed the vertices of 
triangular parcels. Within the triangular parcels, the distance between individuals and two anchor 
trees were measured using flexible measuring tapes. A subset of these tape measurements were 
verified using a laser rangefinder. X-Y coordinates were generated for the anchor trees and parcel 
members using multidimensional scale mapping (MDS-mapping) (Oh et al., 2010) and a 
“sweeping points” algorithm (Appendix 3A).  
3.2.2.2 Above-ground allometry 
Allometric relationships developed for K67 and similar sites were used to characterize 
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above-ground canopy structure as a function of tree diameter at breast height (Table 3.1).  A 
subsample of trees were measured at K67 in January 2017 using a laser range finder and a hand 
clinometer and compared to the LIDAR based allometric measurements (Appendix 3B). 
 
Table 3.1 Above-ground allometry for K67 field site. 
Variable Allometric Equation Equation Source 
Tree height (H) 𝐻 = 4.268	DBH¡.¢k£ (3.1) (Hunter et al., 2013) 
Crown radius (Cr) 𝐶r = −0.367 + 0.741√DBH (3.2) (Gonçalves, 2014) 
Tree Height (H) 𝐻 = −17.514 + 12.191√DBH (3.3) (Gonçalves, 2014) 








Incident light attenuates through the canopy based on the canopy structure. This can 
produce non-linear forcing of potential transpiration throughout the canopy. To partition canopy 
forcing, tree heights were binned into five classes: 0-10, 10-20, 20-30, 30-40, and >40 m. 
Individuals were organized into five height classes, binned by 10 m increments. Fraction of 
incident light at each canopy height was derived using observational data collected by Stark et al. 
(2012). 
3.2.2.3 Below-ground allometry 
Root lateral spread was determined using allometry for non-arid sites presented in Casper 
et al. (2003). For non-arid sites, root lateral extent is given as a function of crown volume as 
log 𝐿𝑆 = 0.3949 log 𝐶H + 0.2328, where lateral spread, LS, is in [m] and crown volume, CV, is 
in [m3]. As explored in Chapter 2, a general assumption is that tree roots extend to the “drip line” 
or the crown radius. As such, the allometric lateral spread was compared to potential lateral 
spreads based on factors of CR (Table 3.1).  
Rooting depth, especially in the tropics, is an important vegetation characteristic, but 
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little observational evidence exists with which to constrain it. As such, different scenarios of 
rooting depth are imposed to test hypotheses regarding water acquisition under water limitation 
(Table 3.2). (1) The uniform rooting scenario follows the relatively shallower root scenario from 
Ivanov et al. (2012) with all root systems, regardless of size, sharing a common rooting depth of 
6m. (2) The effective rooting depth scenario (EFRD) was derived from Brum et al. (2018) based 
on isotopic analysis performed at K67 under dry season conditions. EFRD describes the effective 
area of uptake for an individual based on size, with small trees (<10 cm) operating in the surface 
layers. As such, actual rooting depths were adjusted to a minimum of 1m. (3) The linear model is 
a simplified model of rooting depth that assumes rooting depth is linearly scaled of DBH. 
 
Table 3.2 Rooting depth scenarios used for structural analysis and RWU modeling. 
Depth Scenario Rooting depth Equation 
Uniform D = 6 m (3.6) 
Effective Rooting Depth 𝐷 = exp ¨	− `
n
(1 − 𝑒𝑥𝑝(−𝑟𝐷𝐵𝐻)) − e
n
« * (3.7) 
Linear D = 0.214 DBH (3.8) 
* m = -3.810, n = -0.562, k = 5.52235, r = 0.05591 
3.2.2.4 Root profiles and species specific data 
Fine roots were collected in September 2015 at 5 randomly selected locations within the 
surveyed area at depths of 0, 5, 10, 25, 40, and 60 cm. A sharpened, hollow core was driven into 
the ground and 5 cm cores extracted. Live roots were separated from the soil and dyed with 
methylene blue. Additional samples were collected during January 2017 and targeted individual 
species. Surficial roots of four species were traced and excised, with 3-4 samples taken for each 
individual. Samples were stored in brown paper bags and transported back to the lab within 12 
hours where they were washed and placed in a solution of crystal violet dye for 24 hours. After 
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being dyed, samples from both collections were photographed using a high-resolution DSLR 
camera (Canon 80D, Japan), then dried for over 48 hours at 70 oC and weighed (0.001 g 
precision). 
Roots were imaged and root length was determined using ImageJ (Appendix 3C). One-
dimensional profiles of root length density (RLD) were used to characterize the root length per 
soil volume available for root water uptake. Methodology was developed in Chapter 2 for the 
conversion of one-dimensional root biomass density (RBD) profiles to RLD profiles using 
specific root length (SRL) was applied here.  
3.2.2.5 Root system architecture 
Observations from K67 indicate that a large number of ‘terra firme’ (i.e., upland) species 
utilize a dimorphic root structural archetype. Dimorphic roots are a combination system which 
invest both in coarse lateral roots and elongated tap roots. Given the lack of species level 
information, all individuals within the domain were assigned the dimorphic root archetype. Root 
architectures were modeled to the computed lateral and depth dimensions using the RootBox 
model (v.5e) developed by Leitner et al. (2010) and described in detail in Chapter 2. Unique 
coarse root architectures were generated at 1m lateral spread intervals for each rooting depth 
class. Root architectures were “planted” in the domain using the surveyed coordinates of tree 
stems.  
3.2.3 Climate forcing 
Functional responses to the extreme dry season were tested using the PFLOTRAN-Root 
model, previously described in Chapter 2. The computational domain was 150 m x 80 m x 30 m 
using structured grids of 5 m x 5 m x 0.10 m resolution. Climate forcing was derived using 
observational data from the K67 eddy covariance tower and previous modeling and observational 
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studies conducted at the field site.  
3.2.3.1 Soil properties 
Soil saturation and pressure are characterized using van Genuchten soil characteristic 
curves (van Genuchten, 1980). Soil parameterization scenarios were presented by Ivanov et al. 
(2012) and include  measured and inferred soil properties (Table 3.3). The multiple soil water 
retention curves address uncertainty in measured properties and help ensure the robustness of 
results. The simulation results presented in this study utilize the TH soil characterization.  
Table 3.3 Soil hydraulic parameterization including saturated hydraulic conductivity, Ks, saturated volumetric water 











CO-surface 35.6 0.647 0.225 1.237 -0.0883 
CO-deep 14.1 0.578 0.291 1.413 -0.00674 
TH* 14.1 0.696 0.315 1.687 -0.0224 
MRE 26.9 0.604 0.283 1.0623 -0.0213 
 
3.2.3.2 Potential transpiration 
Potential transpiration was estimated using the Hargreaves-Samani (HS) method 
(Hargreaves & Samani, 1985). Compared to conventional models of ET (e.g., Priestley-Taylor 
and Penman-Monteith), HS relies on minimal forcing information and parameterization, making 
it a feasible choice for the tropics, where such information is scarce or highly variable. The HS 
potential evapotranspiration (ETo) equation is given by 
𝐸𝑇d = 𝐶 ∙ [0.0135	𝐾s𝑅	(𝑇 + 𝐵)	(𝑇ec­ − 𝑇e~n)¡.¢]   ( 2.9 ) 
 
where B and C are calibration factors (originally given as C = 1 and B = 17.68 by Hargreaves & 
Samani (1985)), RA is extraterrestrial radiation, T is hourly temperature [oC], Tmax is the 
maximum daily temperature [oC], Tmin is the minimum daily temperature [oC], and KT is a 
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conversion parameter. Calibrated forms of the HS equation have shown to be effective in sub-
humid regions of Brazil (Lima et al., 2013). For K67, HS uses temperature data from the upper 
canopy temperature sensor and was calibrated using tower measured latent heat fluxes. 
For the purposes of forcing, transpiration was assumed to be the dominant component of 
ET and thus, PET and potential transpiration were assumed equal. Potential transpiration (Tpot) 
was partitioned to the five canopy classes following the fraction of light available to the 
respective canopy class (i.e., the percentage of total potential transpiration assigned each layer 
was equal to the percentage of incident light for said layer). For the individuals within the 
canopy class, Tpot was further partitioned proportional to the relative crown volume, following 
methodology presented in Chapter 2. 
3.2.3.3 Precipitation 
Precipitation forcing was derived from corrected K67 EC rain gage observations. Raw 
observations were corrected using a simple scaling relationship derived from a more reliable 
gage installed on a nearby walk-up tower (Appendix 3B). Corrected tower observations were 
favored over the walk-up tower due to the length of the data record. Interception is assigned as 
15% of precipitation across both the wet season and dry seasons (Fig. 3.1). While more 
sophisticated models of canopy storage and interception exist, the limited amount of rainfall 




Figure 3.1Total monthly precipitation at K67 tower from 1/1/2015 – 12/31/2016 where actual precipitation is given 
as the light gray bar and estimated through fall is given as the dark gray bar. 
Rainfall totals for the month of July were  >100mm, the accepted threshold for dry season 
conditions (Restrepo-Coupe et al., 2013). To simplify the simulation, soil moisture was 
initialized with a Direchlet initial condition at near saturation (θ = 0.65). As uptake occurs 
concurrently with rainfall events, this assumption is a simplification and may delay the onset of 




3.3.1 Location survey 
A total of 1,054 trees were surveyed, ranging in DBH from 0.5 – 150.7 cm, with a mean 
of 7.9 ± 12.0 cm (Fig. 3.2, black markers). The MDS-Mapping algorithm placed 39 “anchors”, 
(N=1000 iterations, RMSE = 1.4 m). Where previously unrecorded, anchor tree species were 
identified by local guides. The sweeping point algorithm placed 982 trees within the parcels 
formed by the anchors. An additional buffer of 2,292 trees were generated for a 80 m x 150 m 
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area, with locations drawn from a standard uniform distribution and diameters drawn from a 
gamma distribution with shape parameters a = 0.4 and b = 14, developed from the surveyed 
individuals.  Diameters less than actual measured DBH were excluded, with the final 
computational domain containing 3,346 individuals with a stem density of 2,788 stems ha-1.  
 
Figure 3.2 Black marker circles represent surveyed trees and gray circles representing planted buffer trees. Marker 
size is scaled relative to tree diameter at breast height (DBH). Black lines are parcel edges and connect anchor 
nodes. 
3.3.2 Above-ground structure 
Tree height and canopy fractions for the survey area are summarized in Table 3.4 and 
shown in (Fig. 3.3). While large canopy trees (individuals more than 20-30 m tall) are the lowest 





Table 3.4  Binned canopy classes with their actual DBH range, light fraction received, and relative population 
fraction within the domain. 







1 0 – 10 0.4 – 5.3 0.17 58.86 
2 10 – 20 5.4 – 20.3 0.24 33.27 
3 20 – 30 20.4 – 44.4 0.26 6.64 
4 30 – 40 44.5 – 77.5 0.25 1.05 
5 ≥ 40 ≥ 77.6 0.08 0.18 
 
 
Figure 3.3 Visual schematic of canopy bins. Gray lines demarcate the canopy bins, with heights given on the right. 
The light fraction is given as values on the left and the yellow line represents the attenuation of incident light 
throughout the canopy (ranging from [1, 0]). 
 
3.3.3 Below-ground structure 
3.3.3.1 Root system spatial extent 
Lateral spread was computed for the survey area. Canopy allometry developed by 
Gonçalves, (2014) (e.g., crown diameter and radius) used a sampling threshold of 10 cm DBH 
that does not hold for small samples with DBH < 2.5 cm. Consequently, such individuals were 
assigned a minimum lateral spread of 2 m. As lateral spread is often assumed to be directly 
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correlated with crown radius, allometry-derived lateral spread (Section 3.2.2.3) was compared to 
multiplicative factors of crown radius (Fig. 3.4a). Allometry-derived lateral spread followed with  
3 times the crown radius until ~10 cm DBH (~10 m lateral spread) when the two curves begin to 
diverge. Lateral spread ranged from 2 – 33.3 m with a mean of 4.33 ± 3.24 m. Approximately 
59% of individuals were assigned lateral spread less than 5 m (Fig. 3.4b).   
 
Figure 3.4 (a) A comparison of computed LS where (green) is the allometric LS, (red) is the crown radius multiplied 
by a factor of 3, and (purple) is the crown radius. (b) Relative fraction of allometric root lateral spreads within the 
surveyed area. (c) Rooting depth profiles as a function of DBH where (blue) is linear, (orange) is the effective 
rooting depth from Brum et al (2018), (yellow) is the constant shallow from Ivanov et al (2012), and (purple) is the 
constant mean from Brum et al.(2018). (d) Histogram of rooting depths for the (blue) linear and (orange) EFRD 
rooting profiles. Values are shown in log-scale for visual clarity, but the majority of individuals are rooted in the top 
1m. 
 
The frequency of linear and EFRD rooting depths are shown in (Fig. 3.4d). The two 
scenarios follow relatively similar distributions, but differ for depths <10m. The EFRD scenario 
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places more individuals at the shallowest rooting depth of 1m, while the linear rooting scenario 
distributes these depths more evenly along the 2-8 m depth range. In both scenarios, the majority 
of the domain resides in the top 3 m of the soil with N ~ O(103).   
Table 3.5 A random selection of trees across size classes to illustrate variability in lateral spread and rooting depth as 
a function of DBH. 













13700 10.58 23.53 1.19 2.00 1.00 1.18 6 
13874 40.08 6.77 4.43 3.21 1.01 1.87 6 
10396 62.90 54.77 6.05 4.04 1.02 2.22 6 
14052 42.59 66.56 8.59 5.19 1.05 2.76 6 
13077 131.20 14.81 13.20 6.98 1.19 3.75 6 
94 48.77 29.51 15.40 7.75 1.33 4.22 6 
10292 91.72 59.09 18.14 8.65 1.60 4.81 6 
13003 121.62 23.52 22.30 9.92 2.25 5.70 6 
14172 118.58 76.32 23.03 10.13 2.40 5.85 6 
14168 121.14 12.85 29.61 11.93 4.22 7.26 6 
626 76.41 59.29 31.30 12.37 4.82 7.62 6 
14238 119.31 66.63 36.84 13.74 7.01 8.81 6 
14047 102.21 70.02 41.02 14.72 8.81 9.70 6 
12338 91.30 8.03 43.73 15.33 9.98 10.28 6 
14239 90.06 10.30 48.26 16.33 11.86 11.25 6 
59 79.99 15.74 52.20 17.16 13.38 12.10 6 
12119 56.11 68.96 58.53 18.45 15.50 13.45 6 
13829 26.46 46.65 62.69 19.27 16.67 14.34 6 
40 91.50 22.71 70.80 20.80 18.45 16.08 6 
13786 28.03 21.41 72.43 21.10 18.74 16.42 6 
619 62.30 44.27 81.50 22.72 19.99 18.37 6 
46 104.19 21.28 85.80 23.46 20.41 19.29 6 
14099 44.46 54.18 91.10 24.35 20.82 20.42 6 
95 47.88 28.78 109.00 27.23 21.59 24.25 6 
679 106.32 44.35 119.90 28.89 21.80 26.58 6 
654 86.23 39.28 150.70 33.28 22.00 33.17 6 
 
3.3.3.2 Root traits and distribution 
These shallow rooting depths are consistent with observations of root biomass density 
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(RBD) at K67. Observations of RBD, collected in September 2015, ranged from near zero to 
~6,000 g m-3. Observations in the top 5 cm were most variable and subject to the highest error 
due to predominant root growth throughout the leaf litter layer on the forest floor. The median 
RBD profile was consistent with the profile reported in Ivanov et al. (2012), derived from data 
collected during the Nepstad campaigns (Fig. 3.5, left) (Nepstad et al., 2004; Nepstad et al., 
1994).  
 
Figure 3.5 (Left) Observations of fine root biomass density with depth from five random locations with observations 
given as gray markers, with the median plotted as a black line. The observation derived biomass profile used in 
Ivanov et al. (2012) is in dashed red. (Right) Boxplots of SRL as a function of depth where the red line represents 
the median, the box boundaries are the 25th and 75th percentile, and the whiskers represent the range. 
 
Specific root length (SRL) was measured concurrently with RBD and during a separate 
collection campaign in January 2017. SRL measurements done concurrently with soil coring was 
indiscriminate of species and taken as a bulk quantity (Fig. 3.5, right). Higher magnitudes and 
variability were observed in the top 15 cm of soil with median values ranging from 6.85-11.2 m 
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g-1. SRL for 30-65 cm soil depth exhibited less variability and ranged 0.80-2.78 m g-1. Species 
specific measurements of SRL were taken from excised surface fine roots taken from the top 
15cm and are summarized in (Table 3.6). Mean values for the four species ranged from 3.79-
11.41 m g-1. The variability found at the species level strongly suggests large degrees of root 
interaction in the surface layers, consistent with the root distributions and depths previously 
mentioned. 
Table 3.6 Species specific root length measurements collected during the January 2017 field campaign. 




N SRL ± STD 
[m/g] 
Erisma uncinatum 149.2 0.51 3 11.41 ± 
13.19 
Tachigali chrysophylla 77.9 0.57 4 5.55 ± 1.41 
Endopleura uchi 46.8 0.79 4 5.90 ± 2.36 
Chamaecrista 
xinguensis 
59.8 0.91 4 3.79 ± 1.73 
 
Roots collected during soil coring were photographed and analyzed for length using the 
ImageJ program. A subset of root lengths measured by the ImageJ macro were hand measured, 
with an overall root mean squared error of 2.95mm (Appendix 3C). A power regression, RLD ~ 
a1 D a2, was fit to the observational median and the 25th-75th percentiles. The observed median 
SRL was used to convert the RBD profile from Ivanov et al. (2012) to RLD (Fig 3.5, left panel, 
red-dashed line). The resulting profiles show strong consistency between the two datasets, with 




Figure 3.6 Fine root length density profiles for the top 1m (left) and 1-32m range (right). The RLD profile derived 
from the (Ivanov et al., 2012) RBD profile is in dashed red; the RLD profile derived from the median fit of RBD 
observations is in solid black, with with the 25-75th percentiles in shaded gray; point observations are given as 
yellow markers. 
The results show a strong preference for roots in the shallow soil layers, greater than that 
found in the temperate forest system discussed in Chapter 2. The differences in soil texture 
(hardpan clay of the terra firme forest vs. sandy soil at UMBS) and low nutrient densities may 
contribute to these site-level differences. 
3.3.3.3 Modeled root system distributions 
Three rooting domains were generated using the derived depth scenarios. Modeled coarse 
root architectures were planted at surveyed tree locations. Additional fine root length was added 
to the structures following procedures outlined in Chapter 2. For visualization purposes, 
simulated RLD profiles are provided for the top 3 m. All simulated profiles fall within the 25-
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75th observational profiles (Fig. 3.7) The EFRD shows the highest level of RLD in the surface 
layer, consistent with the large number of individuals rooted at ~ 1m. Simulated RLD at depths > 
3m was < 102 m m-3 and within the confidence intervals of the given observations.   
 
Figure 3.7 Simulated RLD profiles for the linear rooting depth (blue), EFRD (orange), and uniform rooting depth 
(yellow). The theoretical 25-75th percentiles are shown as black dashed lines and the mean is given in solid black. 
The RLD x-axis is given in log scale. 
The surface spatial distribution of RLD (top 0.5 m) was relatively consistent across the 
three scenarios (Fig. 3.8). Lateral spread was kept consistent across the three rooting depth 
scenarios contributing to the similarity between surface spatial distributions. Differences in 
rooting depth result in some spatial variability in RLD at around 0.5 m which continues 
throughout the profile. As an illustrative example, volumetric slices are shown for two sample 
trees (root system IDs 95 and 10292 as summarized in Table 3.5) in Fig. 3.8. Profile slices taken 
through the sample locations show high magnitude of RLD clustered around stem locations 
which taper with depth, following the prescribed RLD profiles and a function of individual root 
architecture. A slice from the XY plane at D = 0.5 m shows some spatial heterogeneity of RLD, 




Figure 3.8 Three-dimensional root length density for three scenarios: (a) uniform rooting depth, (b) linear rooting 
depth, (c) effective rooting depth. The black markers indicate two representative individuals, IDs 95 and 10292 






3.3.4 Potential transpiration 
The HS PET formulation was used to compute potential evapotranspiration (PET) for 
K67. The model was calibrated using an objective function which maximized the determination 
coefficient for all data years available from the K67 eddy covariance tower (parameters: B = -20, 
C = 2.5). When compared to corrected actual ET from the tower, R-squared values ranging from 
0.34-0.74 for the available data years (Fig. 3.9). The weakest performance was found for the 
simulation period with R2 = 0.34. It is important to note that this formulation is producing 
potential transpiration given temperature and radiative forcing. Large differences result from 
periods of water limitation when trees are unable to meet atmospheric demand. The weak 
performance in 2015 highlights the impact of the 2015-2016 ENSO event on transpiration at 
K67. 
 
Figure 3.9 A comparison of modeled hourly potential evapotranspiration from the Hargreaves-Samani (HS) method 
to tower observations of ET for data available years. Data period is given by the plot title. The one-to-one reference 
line is given in black and a comparison regression line shown in red. 
Potential transpiration is assumed to be equal to potential evapotranspiration for the 
closed canopy and evaporation from leaf storage is considered negligible. The time series of PET 
for the simulation period shows a steady increase in PET across the dry season period, consistent 
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with increased temperature values which drive the model (Fig 3.10). Daily PET ranges from 
~1.5-8 mm. Gaps in the data period were filled with seasonal diurnal mean and are evident in the 
daily time series as flat periods.  
 
Figure 3.10 Simulated potential transpiration for July 2015 – March 2016. Hourly rates are shown at the plot bottom. 
Daily totals are given as the bold, markered line. 
 
3.3.5 Simulated water uptake for three scenarios 
Root water uptake was simulated using potential forcing from July 2015 – March 2016 
for the three rooting scenarios described. Despite the lack of precipitation, atmospheric demand 
was met across all three scenarios until mid- to late-August (Fig 3.11). The onset of limitation 
resulted in a shaving of peak uptake magnitudes in the mid-day period from 10:00 – 15:00 local 
time. Uptake was maintained during water limitation, but at increasingly reduced rates. The onset 
of water stress first occurred for the linearly scaled scenario, but this difference in onset was only 




Figure 3.11 Time series of domain scale (all trees) water uptake for the simulation period with colors following 
previous presentations (linear – blue, EFRD – orange, uniform – yellow). Potential transpiration is given in gray, 
with different plots indicating scenario: linear (top), EFRD (middle), and uniform (bottom). 
 
Mean diurnal cycles highlight differences in dry season impact of water limitation on the 
three rooting scenarios (Fig. 3.12). The EFRD scenario maintained the highest rates of uptake 
with mean daily maximum of 0.6 mm hr-1, followed by the linear with 0.58 mm hr-1, and the 
uniform at 0.49 mm hr-1.  The differences in scenarios are most evident at the highest potential 
forcing, with the uniform scenario reaching a maximum uptake rate of ~0.8 mm hr-1 while the 




Figure 3.12 Mean domain scale diurnal uptake for the three rooting scenarios with line colors following previous 
presentations (linear – blue, EFRD – orange, uniform – yellow). Thin gray lines indicate actual diurnal profiles with 
the different panels representing the different scenarios: linear (left), EFRD (middle), uniform (right). 
Reduced diurnal maxima had a significant impact on cumulative water uptake for the 
domain period (Fig. 3.13). The potential water uptake demanded by the atmosphere for the 
period was 1,152 mm. While none of the scenarios met this demand, the EFRD scenario met 
83% with 956 mm, the linear scenario met 78% with 896 mm, and the uniform scenario met 69% 
with 800 mm. Divergence from potential was most evident around October, with differences 
widening across the simulation period.  
 
Figure 3.13 Cumulative water uptake across the simulation period for the three rooting scenarios with line colors 
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following previous presentations (linear – blue, EFRD – orange, uniform – yellow). Potential water uptake is given 
as the bold black line. 
3.3.6 Simulated water potential 
The water potential at the root collar was computed for individuals from the different size 
classes (root IDs 10396, 626, 14168, 59, 46, 654 from Table 3.5). Individuals ranged in size from 
6.1 – 150.7 cm DBH with rooting depth ranges of 1.02 – 22.0 m for the EFRD scenario and 1.9 – 
33.2 m for the linear scenario. Lateral spreads ranged from 3.21 – 33.28 m. The small trees (< 30 
cm) show water potential most closely aligned with soil water potential as shown by the 
predominant shifting baseline of water potential in (Fig. 3.14). The largest trees, especially 654, 
show the largest swings in water potential at the root collar. These high magnitudes are 
consistent with the higher atmospheric demand placed on the canopy tree which is exposed to 
high levels of radiative forcing.  
Between the scenarios, the uniform rooting depth experienced the lowest values of water 
potential, an accepted proxy of hydraulic stress. The separation of rooting depth and root 
distribution afforded by the linear and EFRD scenarios increased water potential, lower potential 
hydraulic stress. Differences in hydraulic state, especially for the small trees, was minimal 





Figure 3.14 Hourly water potential at the root collar for 6 representative individuals. Plot titles give individual IDs 







3.3.7 Soil moisture 
Soil water content at the beginning of the simulation period was influenced by the initial 
conditions that were approximated as near saturation, θ = 0.60, with soil water potential values 
near zero ψsoil = -4.6E-6 MPa. Given the lack of precipitation, mean soil water content 
experienced a steady decline as surface layers dried. The spatial variability of surface soil 
moisture varied little between the three depth scenarios, following the spatial distribution of 
RLD.  
The temporal evolution of soil moisture with depth varied most significantly between the 
uniform rooting depth and the linear/EFRD scenarios. The relative difference [-] in soil water 
content between the uniform and EFRD scenarios is given by (Fig. 3.15) with the color bar 
indicating relative differences. The blue values show little difference between the scenarios, 
while warmer colors indicated where the EFRD was drier than the uniform, indicating a deeper 
exploitation of water. A demarcation in the temporal profile occurs near 7.5 m due to the uniform 




Figure 3.15 The temporal evolution of relative soil water content differences [-] between the uniform and EFRD 




3.4.1 The onset of water limitation  
Consistent with above-ground observations of sap flow and latent heat fluxes the 2015-
2016 dry season from K67, water uptake was constrained due to the onset of water limitation in 
the shallow soil layers. The onset of water limitation occurred approximately 1.5 months 
following the introduction of the no precipitation condition in the simulations with slight 
variations following rooting strategy. While it is unclear whether the precise timing of water 
limitation is congruent with actual site conditions, it provides a valuable estimation of potential 
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limitation in the system. Potential differences can be attributed to initial conditions such as near 
saturated soil moisture (set as a uniform Dirichlet initial condition in the model) throughout the 
soil profile and forcing provided by the HS PET method. 
Without precipitation to alleviate water stress, water uptake remained constrained during 
the simulation period. Given consistencies in surface layer soil moisture between the different 
scenarios, there were no appreciable differences in root system processes such as hydraulic 
distribution which could potentially alleviate some of the surface layer stress (Oliveira et al., 
2005b). While the PFLOTRAN-Root model does capture hydraulic redistribution, large values 
caused by overly sharp potential gradients are constrained. Despite the limitations of the model, 
results are consistent with evidence of the 2015-2016 impact of the ENSO dry season on tree 
scale water dynamics (Brum et al., 2018). 
3.4.2 Impact of functional strategy on stress 
While the onset of water limitation occurred around the same time for all three rooting 
scenarios, the magnitude of impact was determined by the functional strategy of the individuals 
in the community. Segregation of rooting depth by either linear scaling or by the effective 
rooting depth scenario allowed individuals to tap access different soil water reserves at the 
different portions within the soil. This access did not allay constraint of water uptake, but instead 
reduced the overall impact of it by allowing individuals to maintain higher rates of uptake during 
this period. The shift of the centroid of uptake into deeper layers is a function of the potential 
gradients found within the soil and is shown to consistently contribute to water uptake during 
water limitation across climate types and soil textures.  
In the previous chapter, root lateral spread was found to be a significant driver of water 
uptake into deeper layers of the soil. Site level allometry, coupled with the high stem density 
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within this domain, found high degrees of lateral interaction across various lateral spreads (Fig 
3.16). Given this degree of high interaction, lateral spread was kept constant across scenarios, an 
effort to isolate the impact that rooting depth has on water uptake within the domain. 
Water potential at the root collar was not constrained in these simulations, meaning that 
no stomatal controls on water uptake were implemented. The high functional diversity of the 
tropical rainforests presents a variety of stomatal control strategies ranging from highly isohydric 
(maintaining a constant leaf water status under a changing soil water supply) to highly 
anisohydric  (allowing leaf water status to vary as soil water supply varies) (Barros et al., 2019; 
Fisher et al., 2006; Fontes et al., 2018; Gimenez et al., 2019). The implementation of these 
controls could further constrain uptake for some individuals, while allowing others to capitalize 
on the increased soil water reserves left unexploited by those playing it safe during water 
limitation. This could be especially evident in the larger trees which experience larger swings in 
water potential at the root collar due to high atmospheric demand. The root collar potential of 
smaller trees are dominated by surface soil water potential rather than atmospheric demand. 
Uncertainty in soil water potential due to soil characterization or rooting distribution could 




Figure 3.16 Illustrative example of computed root lateral spreads for sample trees given by Table 3.5. Gray markers 
indicate stem locations within domain with size relative to their DBH. Black circles indicate lateral spread and the 
colored markers indicate rooting depth for the listed scenarios, magnitudes as given by the color bar. 
3.5 Summary 
This chapter presents the impacts of root functional strategy on water uptake dynamics 
during the 2015-2016 ENSO dry season in a highly seasonal tropical rainforest. High stem 
density and functional diversity present large challenges for representing individual water uptake 
processes. Different scenarios of root structural diversity, largely represented through rooting 
depth, high differences in the onset of water limitation and the degree of impact dependent on 
strategy. Partitioning of roots into different depth classes dependent on size helps alleviate the 
impacts of water limitation by allowing individuals to tap into separate soil water reserves, 






Appendix 3A MDS-Mapping 
Multidimensional scale mapping (MDS-Mapping) uses principles of graph theory to 
extract coordinates from completed connected graphs (Oh et al., 2010). In this case, each anchor 
tree represents a node and the parcel boundaries represent edges. The distance matrix, D, is a n x 








Given a complete distance matrix, we can extract X-Y coordinates (up to translation, 
rotation, and reflection) for all members of the matrix.  Yet, as in this case,  the exact distance 
between all anchors is unknown. When incomplete information exists, estimates of distance can 
be used in place of actual distances. The distance estimator matrix, 𝐷³µ́ , uses the shortest path 
between nodes in place of an edge. The shortest path was determined using Dijkstra and is the 
sum of the connected edges which bridge two unconnected nodes. Random Gaussian noise was 
added to estimated distances to reduce error, such that 𝐷³µ́ = 𝑑~h + 𝜀, for i ≠ j and zero for i = j. 
The RMSE was calculated using distances from the generated X-Y coordinates and those 
measured in the field. The MDS-Map algorithm was iterated until RMSE was minimized. 
Additional rotational and translational adjustments were made, but these are superficial, and have 
no impact on the RMSE. 
For individuals within the triangular parcel, insufficient data was available to apply 
MDS-Mapping or more common trilateration methods. Instead, a sweeping point algorithm was 
used which placed parcel trees by “sweeping” through all possible points created by the arc of 
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the measured distances and using minimization to find the closest coordinate which satisfied the 
conditions of both measured distances. The parcel tree was placed at the midpoint of the distance 
between the two circles. If measurements were exact, this point would be the intersection of 
circles with radius of measured distance, but as the measurements have associated error, exact 
intersections do not exist which satisfy both distances. 
The simulation domain was filled by planting buffer trees around the actual measured 
parcels. These buffer trees remove potential edge effects and provide spatial interactions for edge 
trees. Measured DBH was fit to a gamma distribution (?̅? = 7.84cm, σ2 = 47.05, a = 1.308, b = 
5.998). X-Y coordinates were randomly selected from a uniform distribution, with DBH 
randomly pulled from the fit gamma distribution. DBH values < 0.35cm were excluded as this is 
outside the recorded range. Individuals were pulled until the stem density of the expanded 
domain matched the original measured area with 2788 stems ha-1. A comparison of the relative 




Figure 3.17 (Left) Relative frequency of tree DBH pulled from a gamma distribution fit to measured values. (Right) 





Appendix 3B Independent measurement verification 
Domain mapping and structure 
Tree height computed from allometry was compared to measurements taken at the K67 
field site. Overall, measurement agreement was high, with the largest discrepancies occurring for 
larger trees (>25m). This disagreement can be partially attributed to the higher measurement 
error for large trees caused by tree-top occlusion, variability in ground slope, and obstacles in 
measuring distance (Hunter et al., 2013). 
 
Figure 3.18 (Left) Comparison of distances measured by flexible tape and a laser rangefinder. (Right) Comparison 
of tree heights derived from allometric equations and those measured at the K67 site during the 2017 field season. 
 
Precipitation adjustments 
Two rain gages (Onset  HOBO RG3-M) were installed on a canopy walk-up tower in the 
vicinity of the K67 EC tower. Output from the two gages (Fig. 3.19, right) and the EC tower rain 
gage were compared (Fig. 3.19, left). The two walk-up gages were in near perfect agreement, 
while the EC tower rain gage was found to be less reliable than the walkup gages. The EC tower 
rain gage overestimates daily precipitation, but has longer temporal coverage. To account for the 
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overestimation, EC precipitation values were scaled using a simple linear regression between the 
EC tower rain gage and the walk-up tower rain gage, with slope 0.584 and intercept -0.053.  
 
Figure 3.19 (Left) Linear scaling relationship between the walkup tower rain gage and the main EC tower rain gage. 





Appendix 3C Root image analysis 
Live roots were separated from the soil and dyed using methylene blue pigment. Roots 
were separated and placed in a tray filled with a shallow layer of water. Images were taken of the 
roots and a 5 cm forensic ruler using a Canon MODEL DSLR camera (Fig. 3.20, left). Images 
were analyzed using a plugin for the ImageJ (version 1.50i) program, IJRhizo (Pierret et al., 
2013, https://www.plant-image-analysis.org/software/IJ_Rhizo). IJRhizo batch processes a 
collection of images, measuring individual segment length and diameter.  
A subset of root images were selected for hand measurement to validate the results 
produced by IJRhizo. The following work was conceived and supervised by E. Agee and 
performed by J. Yu under the University of Michigan Undergraduate Opportunities Program. The 
initial results showed a gross inflation of root length compared to measurements obtained using 
the hand measurement tool available in ImageJ (Fig. 3.20, right). The gross inflation by IJRhizo 
was attributed to versioning errors which left certain thresholds and corrections (e.g., Kimura 
estimation) disabled. Without these thresholds in place, thicker diameter roots (~2 mm) produced 
erroneous micro segments which inflated total length. Linear scaling was an effective means of 





Figure 3.20 . (Left) Sample image of fine roots taken from soil core at K67. Images like this provide the input into 
IJRhizo. (Right) A comparison of results obtained by hand measurement and the IJRhizo plugin, where closed 
markers represent the actual comparison and open markers represent linear correction using the red-dashed linear 
relationship, m = 0.270, b = 1.456. Final RMSE was 2.95 mm, R2 = 0.98, and p < 0.001. 
 
As hand measurement of root lengths is time consuming and unique scaling calibrations 
may be required for each image set, the open-source IJRhizo macro was redeveloped to improve 
estimations without the need for linear scaling. The new macro uses the same principles as 
IJRhizo: the image is first  pre-processed to remove impurities, roots are reduced to 1 pixel wide 
lines (i.e., skeletonized), the pixels counted, and then a pixel-length conversion applied (Fig. 
3.21). While the underlying framework is the same, the new macro automatically identifies 
“problem roots” (i.e., thick diameter roots) and excludes them from initial measurement. These 
thick roots are marked for later measurement by hand. Results obtained from the new macro for 




Figure 3.21Workflow of root image processing from raw image to file length measurement using the ImageJ macro 







Chapter 4 – Utilizing Sap Flow Technology as a Proxy for Plant Hydraulic 
State 
4.1 Introduction 
While it has been demonstrated that below-ground structure and function have coherent 
feedbacks with plant water uptake under water limitation, in situ measurements of below-ground 
processes are logistically difficult and infeasible. As such, we rely on above-ground proxies to 
deduce individual and system response to environmental stressors. The measurement of sap flow 
velocity has become a powerful tool for quantifying individual water usage and response to 
environmental conditions and has proliferated with the development of technologies that allow 
for large scale deployments at a relatively low cost (Davis et al., 2012; Miner et al., 2017) . The 
sap flow database, SAPFLUXNET, contains data for more than 160 species across 120 globally 
distributed sites (Poyatos et al., 2016), further highlighting the utility of such measurements 
across an array of climate types and species. 
The measurement of sap flow is not without its challenges. Conversion of sap flow 
velocity to tree- and stand-scale transpiration is dependent on species-specific anatomy 
(Clearwater et al., 1999; James et al., 2002) and local environmental conditions (Oishi et al., 
2008). A large body of research has been devoted to correcting raw signals for these factors, at 
diel and seasonal time scales (Reyes-Acosta et al., 2012; Vandegehuchte & Steppe, 2012; 
Vergeynst et al., 2014). Yet, it is these “dependencies” that contain information about the 
physical state of the system, beyond the quantification of water fluxes. The results from Chapter 
3 illustrate that functional diversity is important for the maintenance of water uptake during 
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water limitation, but the data available to assess this trait space is scarce and logistically 
challenging to measure. This chapter addresses the following research questions: (1) Given the 
inherent difficulties in assessing below-ground trait space, can we use more accessible above-
ground traits as proxies for plant hydraulic state or strategy? (2) How do trees at the K67 site, 
with differing functional strategies, respond to the extreme 2015-2016 ENSO drought? 
To address these questions, this chapter presents the current theoretical framework behind 
sap flow measurement and its potential relationship to plant hydraulic state. Laboratory 
experiments are used to provide experimental confirmation of the theory. Continuous 
measurements of sap flow from the K67 site are then deconstructed to illustrate how previous 
correction methods have masked a low-frequency signal that provides valuable information 
about the hydraulic status of the measured individual. 
4.2 Sap Flux Theory 
4.2.1 Thermal dissipation probes 
The dual probe sap flow measurement system, also referred to as thermal dissipation 
probes (TDP), Granier, or the heat dissipation method, is based on liquid heat dissipation theory 
(Granier, 1985). Two small gauge needles, one heated and one not, are inserted into the sapwood 
of a tree approximately 10-15cm apart. Thermocouples within the needles measure the difference 
in temperature between the heated and unheated reference needle. The probes are at sufficient 
distance from each other that the reference needle does not detect heating caused by the heater 
needle. As flow velocities increase, heat is dissipated away from the reference needle with 
greater efficacy, decreasing the temperature difference between the two needles. At zero flow, the 
time when no transpiration is occurring, the temperature difference between the two needles is 
the highest as little heat is being dissipated away from the heater needle.  
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To translate measured temperature differences into sap velocities, Granier fit a weakly 
nonlinear regression, with coefficients determined by the heating power used and the medium. 
Average sap flow velocity, V, follows the form: 
 




  ( 4.1 ) 
  
where dTM is the baseline or zero flow temperature difference, dT is the temperature difference 
of flowing sap, and a and b are fitting coefficients [-]. The variable α is a function of the heating 
power applied, while  b is a fitting coefficient. The original calibration experiments performed by 
Granier using 0.2W heating power found the coefficients to follow: 
   






where V is reported in units of [cm hr-1]. These coefficients were corroborated by experiments 
summarized by Kostner et al. (1998) and have been used to determine sap flow velocity across 
many study sites and species (Matheny et al., 2014). Total volumetric sap flow is found by 
multiplying the average sap flow velocity by the cross-sectional area of sap conducting wood. 
While initially proposed to be generic, Granier’s coefficients have been found to 
underestimate sap velocities in several species. Species specific calibrations have been developed 
(Sun et al., 2012), along with general corrections that account for contact with inactive xylem 
elements (Clearwater et al., 1999; Paudel et al., 2013). Sun et al. (2012) found α coefficients 
ranging from 34.92-97.92  cm hr-1 and β coefficients from 1.336-2.572 for six juvenile temperate 
tree species. In general, the resulting calibration curves did not diverge greatly from Granier’s 
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proposed values, except for Ulmus Americana, which showed a strong nonlinear divergence 
from the original coefficient curve.  
A standard heating power of 0.2W is used for TDP, a value which arises from the original 
work conducted by Granier (1985), a compromise between measurement sensitivity and the 
desire not to heat the reference needle (Lu et al., 2004). As such, calibrations in literature are 
generally specific to the 0.2W heating power. Reducing this heating power would reduce power 
consumption, a priority for remote deployments, but how lower heat affects signal is currently 
unknown and partially addressed by this work.   
4.2.2 Thermal conductivity and sap flow signals 
The transport of heat within the xylem and surrounding woody tissues is a function of 
internal tissue thermal conductivity. Thermal conductivity of wood is a function of stem water 
content, with moister tissues conducting heat more efficiently than drier tissues. However, stem 
water content has been shown to change at both diel and seasonal scales (Mares et al., 2016; 
Matheny et al., 2015; Vergeynst et al., 2014). Oishi et al. (2008) proposed a protocol for 
determining the zero baseline, dTM, to correct for both this and potential nocturnal transpiration 
fluxes in long term time series. dTM is selected by simultaneously satisfying conditions of 
minimal atmospheric water loss and stable maximum temperature difference, dT, across four 
measurement days. 
Mean daily dTM was compared to theoretical values derived from thermodynamic theory. 
(Vergeynst et al., 2014) presented the theoretical development for these changes as a function of 
wood dry density, ρd, and θ, and is summarized below. Water content of green wood is defined as 






 ( 4.3 ) 
 
From Vergeynst et al. (2014), the zero flow temperature difference, as a function of water 









 ( 4.3 ) 
 
where Q is the heating power in [W], l is the length of the needle [m], Kθ is wood thermal 
conductivity [Wm-1 K-1], ρθ is wood density [kg m-3], cθ is specific heat capacity [J kg-1 K-1], γ = 





 ( 4.4 ) 
 
where cd = 1200 [J kg-1 K-1] is the specific heat capacity of dry wood, and cw = 4186 [J kg-1 K-1] 
is the specific heat capacity of water. The thermal conductivity of wood above fibre saturation 
point is defined as: 
 
𝐾T = 𝐾É(𝜃 − 𝜃Êp) ¸
Å¾
ÅÂ
» + 0.04186(21.0 − 20.0	𝐹,Êp)	 ( 4.5 ) 
 
where void fraction at fiber saturation point is 𝐹,Êp = 1 − 𝐺 ¸
ÅÂ
ÅÌÍ
+ 𝜃Êp», moisture content at 





, G is the specific gravity of wood or the ratio 
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between dry mass over fresh volume over fresh wood density, the thermal conductivity of water 
is KW = 0.5984, and cell wall density 𝜌ÏÐ = 1530 [kg m-3]. The fibre saturation point is the water 
content at which all free water has evaporated. For most wood fibre saturation point occurs at 25-
30% gravimetric water content. 
 
4.2 Methods 
4.2.1 Adjustments for heating power 
A low power TDP system was designed to reduce energy consumption for long-term, 
remote deployments (Dr. Yuriy Goykhman, electrical engineer). While the traditional Granier 
design uses a constant 0.2W heating source, the new system allows for smaller, user-defined 
heating powers, reducing overall power consumption for remote deployments. Onboard 
operational amplifiers boost raw signals (typical gain ~100), resolving potential signal 
attenuation across cable lengths and decreased heating powers. Control is resolved at the scale of 
individual trees, with each sap flow probe connected to an independent logging system. Data are 
recorded on flash media and operations controlled by a ATMega328P-based microcontroller 
(Arduino Uno Rev3).  
To test the impact of variable heating on sensor output, an artificial stem apparatus was 
constructed using a 4” diameter PVC dry packed with fine sawdust. A 30 mm, a single 
thermocouple TDP (TDP30, Dynamax, USA) was installed in the side of the apparatus and 
connected to the self-manufactured data logger (Fig. 4.1a). The heating needle was installed 




Figure 4.1 (a) Schematic for the artificial stem apparatus. (b) Instrumented, cut oak segments used in drying 
experiment. (c) Field installation of a TDP probe in Tapajos National Forest, Brazil (photo: Greg Ewing) with (inset) 
circuit board schematic from new low-power datalogger/control system (credit: Y. Goykhman). 
 
A series of heating powers (0.018-0.170 W, variable step) were applied under no flow 
conditions. The stem column was saturated and flow obstructed at the base. Heating was applied 
for at least 15 minutes prior to data collection, allowing the system to reach thermal equilibrium. 
Sensor output was recorded at a 0.1 Hz for 2 minutes. dTM was computed as the mean signal 
value for the 2 minute interval. 
The original TDP sensor was calibrated using a heater power of 0.2W. Eq. 4.3 shows that 
the baseline voltage dTM is scaled by the power Q. The scaling hypothesis is tested using data 
from the no flow experiment, which is assumed to be under saturated conditions. An adjustment 
factor can be presented as the ratio between the Granier heating power, QG = 0.2W, and the user-






 ( 4.6 ) 
 
The adjustment factor accounts for differences in heating power across the experiments and 
places all measured values in a common basis.  
4.2.2 Dehydration experiment 
The moisture content of wood alters its thermal conductivity, with moister wood 
conducting heat more efficiently than dry wood. A large branch was removed from a healthy 
Quercus spp. tree, cut into smaller segments ranging from 27-35.5 cm (Table 4.1), and placed in 
dark plastic bags for transport. Within 24 hours of cutting, the segments were instrumented and 
the ends of the segments were covered with plastic film. TDP probes were installed at 
approximate center and covered with radiation shielding (Figure 4.1b). TDP probes were run 
continuously across the measurement period at constant heating power and output recorded every 
1 minute. The segments were allowed to air dry and weighed at regular intervals. Segments were 
dried at 30oC for a period of 24 months until all free water was removed. Wood moisture content 




+ 𝜃Êp ( 4.7 ) 
 
where θ is wood moisture content, m is mass of the segment, mFSP  is the mass of the segment at 
fibre saturation point (after drying), and θ FSP is the wood moisture content at fibre saturation 









Table 4.1 Description of samples used in the drying experiment 
Sample D [cm] l [cm] dsw [cm] P [W] Θi [-] 
1 14.00 35.50 1.50 0.138 0.68 
2 12.75 30.25 1.20 0.138 0.69 
3 14.25 27.00 1.75 0.288 0.78 
 
Mean daily dTM was compared to theoretical values derived from thermodynamic theory. 
Vergeynst et al. (2014) presented the theoretical development for these changes as a function of 
wood dry density, ρd, and θ, and is summarized above.  
4.2.3 Field installation and calibration 
In addition to controlled laboratory conditions, sensor performance was examined under 
field conditions at Tapajós National Forest, Brazil, previously described in Chapter 3. The self-
made system (Figure 4.1c) was compared with a commercially available sap flow sensor (SFM1, 
ICT International, Australia) for N=4 individuals (see Table 4.2). The SFM1 sensor is based on 
the heat ratio method (HRM), a variation of the heat pulse velocity (HPV) method (S. S. Burgess 
et al., 2001). While a majority of sap flow technologies have been found to underestimate sap 
flow densities, the HPV method is considered to be one of the most accurate, with stronger 
performance than the more widely-used TDP method. In their comparison of sap flow 
technology performance, Steppe et al. (2012) found that HPV sensors underestimated sap flux 
density by 35% compared to 60% by the TDP sensors.  
 
Table 4.2 TDP/HRM comparison information 






Tachigali chrysophylla Tapajós, Pará, 
Brazil 
0.690 0.185 25.5 
Mezilaurus itauba 0.720 0.196 29.6 
Endopleura uchi 0.700 0.226 24.4 
101 
 
Erisma uncinatum 0.510 0.145 26.5 
 
A comparison of observations from the TDP and HRM sensors were used to develop field 
calibration curves, with VS from the HRM acting as “ground-truth” for the TDP sensors. Granier 
calibration curves were fit following VS ~ α K β where K = (dTM – dT)/dT and α and β are fit 
coefficients as in Eq. (4.1).  The HRM system measures sap flow velocity at slightly different 
locations within the stem than the TDP probe used – 12.5 and 27.5mm as opposed to 15mm. Sap 
flow velocity is not uniform throughout the stem, rather varying nonlinearly across multiple 
axes: radially, vertically, and circumferentially. To place measurements on the same basis for 
calibration, VS from the HRM sensor was adjusted using a model that accounts for radial sap 
flow variation. 
A number of statistical models have been developed to characterize radial variation using 
fitted probability distributions along the radial axis (Caylor & Dragoni, 2009; Gebauer et al., 

















 ( 4.9 ) 
 
where r is absolute radial location measured from the center of the tree, R is the radius of the 
tree, cs is the stem capacitance [cm hr-1] , and 𝐵(𝜔, 𝜁) is the beta function where 𝜔 and 𝜁 are 




Figure 4.2 Variability of the radial sap flow distributions as a function of relative sapwood depth for different fit 
parameters. The title of each subplot represents the value of 𝜁 while the legend gives values of 𝜔. r/R = 1 represents 
the cambium-sapwood interface while r/R = 0 is the absolute center of the tree. 
The dimensions of sapwood are important for both radial flow characterization and 
scaling of measured sap velocities to obtain volumetric flows. In the vicinity of the K67 study 
site, timber was collected from a selective logging program within the primary forest. Images of 
the timber cross-sections were taken and analyzed for total diameter, sapwood depth, and bark 
thickness using the ImageJ software package (v1.48). Photos were taken and initial analysis 
performed by G. Ewing and subsequent analysis and regression fitting performed by E. Agee. To 
account for irregularities in shape, multiple measurements were taken across the center point and 
averaged to compute effective diameters. An allometric relationship was fit to relate tree 
diameter, DBH [cm], to sapwood area, AS [cm2], in the form: 
 
𝐴f	~	𝑎kDBHcÄ ( 4.8 ) 
 
where a1 and a, are fit parameters.  
The allometric relationship was used to estimate sapwood depth for the radial sap flow 
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distribution model. Radial sap flow profiles were generated using daytime velocity observations 
taken from the HRM system at 12.5 (r = DBH – 12.5) and 27.5mm (r = DBH – 27.5) depth. 
Additional points of zero velocity were added at the sapwood/cambium interface (r = DBH) and 
at the sapwood/heartwood interface (r = DBH - ds) where r is zero at the center of the tree. A 
large number (N > 103) of daytime profiles were fit for all species representing both wet and dry 
season profiles. The medians of the fitting parameters, 𝜔Ú and 𝜁Û, were used to build a general 
radial distribution model for each individual. The sap flow velocity at 15mm depth, Vs,15, was 
computed using the stem capacitance, cs, from the sap flow velocity measured at 12.5mm depth – 
the measurement closest to the position of the TDP thermocouple. 
4.2.4 Scaled sap fluxes 
While radial sap flow variation is widely accepted, a majority of studies do not fully 
account for radial variability when scaling instantaneous sap velocity to volumetric flow. Instead, 
they assume homogenous flow or, at best, use a discrete weighted means approach (Hatton et al., 
1990). That developed radial distribution was used to scale the point measured instantaneous sap 




























where 𝜔 and 𝜁 are the aforementioned fitting parameters described by (Caylor & Dragoni, 2009). 
4.2.5 Stem water potential 
Nocturnal no flow signals (dTM) were compared to minimum and maximum daily stem 
water potential (ymin and ymax) at canopy height. Stem water potential (y) was measured using a 
chamber based thermocouple hygrometer or stem psychrometer (PSY1, ICT International, 
Australia). The stem psychrometer measures water potential using two welded chromel-
constantan measuring junctions held within an insulated metal chamber (Dixon & Tyree, 1984). 
With one thermocouple in contact with the stem surface and the other monitoring chamber 
temperature, the chamber is cooled using a small pulse of electrical current (i.e., Peltier cooling) 
and the wet bulb temperature determined (Dixon & Tyree, 1984). This is used to determine the 
water potential within the stem, with the other thermocouple acting as a correcting factor. 
Calibrated stem psychrometers have shown strong agreement with leaf water potential as 
measured by pressure chamber in both laboratory and field settings (Dixon & Tyree, 1984; 
Nizinski et al., 2013). Leaf water potential is a widely used proxy for plant hydraulic state but is 
a destructive measurement that monitors a single point in time. The stem psychrometer allows 
for continuous monitoring of plant hydraulic status and is minimally invasive.  
Prior to deployment, all stem psychrometers were calibrated according to factory 
instructions using NaCl solution of known osmotic potential. Calibration fit coefficients all had 
R2 values > 0.98. Measurements were taken at sub-daily frequency, but only daily minimum and 





4.3.1 Heating power shifts 
For each heating power observed using the hydraulic apparatus (Section 4.2.1, Fig. 1a), 
the no flow signal output was averaged over the measurement interval (2 minutes, at 10 s 
sampling). The column was completely saturated for the entire trial. Within single trials, signal 
noise was small, with signal standard deviations ranging from 0.012 – 0.022 V, or roughly 1% of 
the average signal voltage. The averaged no flow signal, or dTM, is linearly correlated with the 
heating power applied. 
 
Figure 4.3 Mean zero flow (dTM) signal voltage versus the heating power, P [W]. The resistance of the sensor was 
assumed to be 54 Ω for the Dynamax TDP30 probe.  
 
For trials conducted on unchanged bedding (i.e., unaltered bulk density), variability was 
small (Fig. 4.4, left). It is important to note that when the bedding material was allowed to dry 
and sit for extended periods of time (e.g., more than one week), variability in baseline values 
increased (Fig. 4.4, right). This could be due to unobservable changes in the bedding matrix due 
to drying and rewetting. Over the course of the experimental trials, several materials and bulk 
densities were tested. Variations in bedding proportions and packing density resulted in different 
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absolute values of dTm for the same heating voltage applied. Despite these differences in 
absolute values, each individual trial scaled with heating voltage applied, following the power 
law (P = V2/R, where P is power [W], V is voltage, and R is electrical resistance [ohms]). 
 
 
Figure 4.4 (left) Baseline values (dTM) for halved heater voltages for August 13-21, 2018. (right)  Baseline values 
(dTM) for halved heater voltages for August 13 – September 8. The “halved heater voltages” are a legacy of the 
sensor design. 
4.3.2 Stem water content 
The cut segments were monitored for 200 days (06/27/2017 to 01/13/2018). Water 
content decreased from an initial mean value of 0.72 ± 0.05 to a mean value of 0.41 ± 0.02 
across all three samples (Figure 4.5), a decrease of 43%. The sap flow sensor output, dTM, was 
resampled at daily time scales, using the signal mean. Diurnal signal variability was less than 1-
5%. Voltages were converted into temperature differences using a linear approximation for the 
Type-T thermocouple, 𝑇 = 2.927𝑉 + 0.14. The absolute change in dTM after 200 days was 1.4 ± 
0.38V or 4.26 ± 1.11 oC (Fig. 4.5, right). The highest change in dTM was for segment 1, which 




Figure 4.5 (left) Measured water content over the sample period. (right) Change in dTM relative to the minimum, 
measured at the beginning of sampling. Line colors indicate the unique samples. 
 
Change in absolute dTM, when adjusted for differences in heating power, is linearly 
correlated with water content (Figure 4.6), ∆𝑑𝑇i = −4.35𝜃 + 3.34 (R2 = 0.77, p < 0.05). The 
theoretical change in base voltage as a function of water content is nonlinear but weakly so. 
These results illustrate that changes in baseline voltage due to natural occurring variations in 
wood moisture content may be resolved using a linear approximation, reducing parameterization 
needs. Softwoods, with low dry wood densities, hold substantially more water than hardwoods, 




Figure 4.6 Change in baseline voltage (adjusted for heating power differences) for the three samples (see legend) as 
a function of measured wood moisture content. 
4.3.3 Sapwood allometry 
A total of 44 cross-section images, representing 7 unique species, were processed for 
diameter, sapwood depth, and sapwood area (Table 4.3). The species come from three different 
wood density classes: ~0.60 (29.6%), 0.80 (6.8%), and > 0.90 (63.6%) g cm-3. Each image 
measurement was repeated 3 times and averaged, with variability of 0.2-5.3% of the total. 
Allometric relationships were developed that relate DBH to sapwood area and subsequently 
sapwood depth (Fig. 4.7). The fit parameters for AS show good agreement with those from 
developed for a tropical evergreen rainforest near Manaus (a = 0.561, b = 1.783 at K67; a = 





Table 4.3 Species level results for sapwood image analysis. 












14 0.91 82.5 ± 17.1 1789 ± 544 15.1 ± 2.6 1 
Astronium lecointei 3 0.80 64.7 ± 4.9 1182 ± 460 13.0 ± 5.4 2 
Chrysophyllum 
lucentifolium 
8 0.91 56.7 ± 9.3 958 ± 216 12.1 ± 2.0 3 
Couratari stellata 1 0.62 143.8 979 4.4 3 
Lecythis lurida 4 0.92 78.3 ± 13.6 1071 ± 405 9.0 ± 2.0 4 
Protium spp. 11 0.63 61.6 ± 15.4 470 ± 167 5.3 ± 1.8 5 
Manilkara huberi 3 0.93 76.7 ± 14.7 534 ± 90 4.8 ± 1.5 1 






Figure 4.7 (a) Allometric relationship between tree diameter and sapwood area, 𝐴f = 0.561	𝐷𝐵𝐻k.áâ½, with R2 = 
0.63 and p << 0.001. (b) Relationship between sapwood depth and sapwood area, 𝑑f = 0.051	𝐴f¡.ããá with R2 = 0.81 





4.3.4 Radial sap flow distribution and field calibration 
The computed sapwood allometry was used to estimate sapwood depth for the four 
monitored trees. Allometrically derived sapwood depth ranged from 44-170 mm. Radial 
distribution fitting parameters were found for each daytime hour in the dataset, with the number 
of profiles ranging from 3,858-12,539, dependent on the species. Fitting parameters ranged based 
on hourly environmental conditions, but were clustered around their median value, with binned 
frequencies ranging from ~0.3 – 0.98 (Fig 4.8 a-d). Fitting parameters were within the ranges 
previously reported in literature. To control for hourly and daily variations in environmental 
forcing, the median of each fitting parameter was used as a universal fitting coefficient per 
Caylor & Dragoni (2009) and  Dragoni et al. (2009). Computed sap flow distribution model 






Figure 4.8 Frequency distributions of radial model fit parameters for (a) T. chrysophylla, (b) M. itauba, (c) E. uchi, 






Table 4.4 Summary of fit parameters for radial sap flow distribution model 




ds  [mm] 𝝎Ú  𝜻
æ 
T. chrysophylla 74.2 3858 75 1.455 0.086 
M. itauba 73.2 10370 74 5.853 0.683 
E. uchi 47.3 3618 44 17.818 2.154 
E. uncinatum 148.1 12539 170 3.081 1.103 
 
The computed Vs,15 and the relative signal difference (K = (dTM – dT)/dT from the Granier 
calibration) were used to find the Granier fitting coefficients (Figure 4.89, Table 4.4). The α fit 
coefficients ranged from 16.188 – 33.306 cm hr-1 and the b from 0.621 – 0.783, with RMSE of 






Figure 4.9 Granier calibration fits for the four measured species, (a) E. uncinatum, (b) M. itauba, (c) E. uchi, and (d) 
T. chrysophylla.   
 
Table 4.5 Fit parameters for Granier calibration (α and β) with RMSE. Additional regression statistics are included 
for the comparison between TDP VS and commercial HPV VS. 
Species α β RMSE m b R2 
T. chrysophylla 31.948 0.722 1.81 0.808 0.938 0.84 
M. itauba 16.188 0.783 0.75 0.770 0.466 0.84 
E. uchi 23.946 0.621 2.15 0.822 0.899 0.82 
E. uncinatum 33.306 0.742 1.15 0.948 0.337 0.92 
 
The species-specific calibrations were applied for all four species to determine Vs,15. A 
comparison between the Vs,15 computed for HPV and measured by the TDP probes showed strong 
agreement with all R2 values >0.80 (Table 4.5, Fig. 4.10a-d). Highest variability was again in the 
upper sap flow velocities. It is important to note that while the two systems were installed in 
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close proximity, they were not monitoring the exact same location tangentially or 
circumferentially. Comparisons include both wet and dry season time periods. 
 
Figure 4.10 Comparison between HPV (measured by ICT sensor) computed and TDP measured Vs,15  for (a) E. 
uncinatum, (b) M. itauba, (c) E. uchi, and (d) T. chrysophylla. 
 
4.3.5 Sap flow during 2015-2016 dry season 
 
The 2015-2016 dry season was marked by an increase in mean monthly temperature from 
26.7oC in July 2015 to a peak of 29.1oC in November 2015 (Fig 4.11, top panel). There was little 
to no precipitation from July through December, with a marked transition occurring in March 
2016 when mean monthly precipitation reached 7.45 mm day-1 (Fig 4.11, middle panel). Vapor 
pressure deficit (VPD) followed the trend in temperature with mean monthly values increasing 
from 0.68 kPa in July 2015 to a peak of 1.23 kPa in November 2015 (Fig 4.11, bottom panel). 
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VPD and temperature decreased following the transition from dry to wet seasons starting in 
January. 
 
Figure 4.11 Ambient conditions as measured by the K67 eddy covariance tower (described in Chapter 3). (Top 
panel) Mean monthly temperature [oC] and relative humidity [-]; (middle panel) mean monthly precipitation and 
latent heat flux (ET) both given in [mm day-1]; (bottom panel) mean monthly vapor pressure deficit [kPa]. Line 
symbols and colors follow the legends where appropriate. 
 
Daily mean sap flow velocity was computed for the July 2015-March 2016 period, 
capturing the dry season and the transitional months on either side (Fig. 4.12). Data were not 
available for E.unicinatum prior to late November 2015. There is a gap in the time series from 
middle October to middle November, which was due to system power issues. Signal variability is 
a response to daily variation in ambient conditions which drive transpiration. T. chrysolphylla 
exhibits a dramatic response to water limitation with daily VS declining from 200-250 cm day-1 at 
the beginning of the dry period to less than 100 cm day-1 by end. The decline appears to begin 
around September 2015 and continues until it reaches a minimum around January 2015. E. uchi  
and M. itauba show minimal declines in mean daily VS throughout the dry period, but maintains 
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smaller flux densities than T. chyrsolphylla, with maximum values around 100 cm day-1. 
 
Figure 4.12 Daily mean sap flow velocity [cm day-1] for 7/1/2015 – 3/20/2016. Line colors follow the legend and 
species are referred to by their genus. 
 
Mean diurnal sap flow velocity was computed for a representative wet period 
(04/01/2015-07/01/2015) and the dry period (07/01/2015-03/01/2016) at half-hourly resolution 
(Fig. 4.13). These periods include the data gaps previously mentioned. During the wet and dry 
periods, Vs begins at around 07:00 local time, reaching a relative maximum at 10:00 which is 
maintained at a relative constant rate until around 16:00 when rates decline. Mean daily 
maximum Vs declined from 8.8, 9.6, 19.7 cm hr-1 in the wet season to 7.7, 7.0, 13.4 cm hr-1 in 
the dry season for M. itauba, E. uchi, and T. chrysophylla respectively. E. uncinatum had a dry 
season maximum Vs of 12.1 cm hr-1. As noted from the examination of the seasonal time series, 




Figure 4.13 Diurnal sap flow velocity for the four sample species with the mean given as a bold line and the half-
hourly standard deviation shaded. The representative wet period (04/01/2015-07/01/2015) is shaded blue while the 
representative dry period (07/01/2015-03/01/2016) is shaded red. 
 
The radial model developed for technology comparison was used to scale the 
instantaneous sap velocity to whole tree uptake for M. itauba  and E.uchi (Fig 4.14 for the 
representative wet and dry period). While these two species have very similar daily rates of Vs, 
scaled transpiration values show tree-scale differences in total water usage. While the data series 
contains a large gap during the dry period (indicated by flat lines in the cumulative uptakes), it is 
readily apparent that while Vs rates may be similar between individuals, sapwood area and radial 




Figure 4.14 Cumulative uptake for M. itauba (orange) and E. uchi (yellow) for the representative wet and dry 
periods. Whole-tree scaling performed using the radial model is given as a solid line and scaling using sapwood area 
is given as a dashed line. Color conventions follow Fig. 4.12.  
 
4.3.6 dTm as a proxy for WC 
As water content decreases, thermal conductivity of the wood also decreases, consistent 
with results from (Vergeynst et al. 2014). A comparison between experimental and theoretical 
impacts of drying show a statistically significant linear correlation between the relative changes 
in voltage (𝑟 = ­º­w
­wJçº­w
), with m = 0.8501, R2 = 0.481, and p < 0.05. The theoretical results by 
(Vergeynst et al. 2014) assume that the heater is an infinitely long, line source with heat applied 
for 10 minutes (t = 600s). To align more closely with the extended length of this experiment, the 




Figure 4.15 One-to-one comparison of the experimental changes in dTM as a function of moisture content with the 
theoretical differences, with m = 0.8501, R2 = 0.481, and p < 0.05. 
 
Differences between the experimental and theoretical can be partially attributed to 
assumptions made by the theoretical model (e.g., infinite line source, time of heating, etc.). Also, 
the dry wood density, a primary parameter for the model, was estimated to be 680 kg m-3 based 
on literature values for Quercus alba (Chave et al., 2009). Actual dry wood density has 
intraspecific variability depending on local conditions. Experimental results were adjusted to P = 
0.2W using the linear adjustment factor which may result in some systematic error.  
Under field conditions, the four monitored species exhibited seasonal changes in dTM . 
Raw signal output (Figure 4.16) was variable among species, with raw voltage increases ranging 
from <0.25V for the E. uncinatum  to ~ 1V for the T. chrysophylla. Variability in absolute 
voltages result from differences in heating power and wood thermal properties. An additional 




Figure 4.16 Unadjusted daily dTM for E. uncinatum, M. itauba, E. uchi, and T. chrysophylla, with colors given by 
plot legend. Species are given by their genus. 
 
The theoretical framework was used to estimate daily relative Δθ for the four field 
species during the 2015 dry season, October 2015 – January 2016 (Figure 4.17).  Daily relative 
Δθ was estimated from the difference between daily θ (from daily dTM) and the maximum daily θ 
(from minimum seasonal dTM) and presented as a 7-day composite. For M. itauba, E. uchi, and T. 
chrysophylla, the daily relative  Δθ  is relative to the beginning of the dry season period. Data 
was unavailable until late November for the E. uncinatum and as such, daily relative Δθ was 




Figure 4.17 (top) Maximum stem water potential, ψmax, (7-day composite) for the four monitored species (Table 4.2) 
and legend) across the 2015 dry season and 2016 wet season transition. (bottom) Estimated relative change in water 
content (7-day composite) for the four monitored species. Species are given by their genus. 
 
4. 4 Discussion 
4.4.1 Variable power sources and Granier calibration 
A tremendous effort has been made to conform to the original 0.2W sensor design 
presented by Granier (1985). Recent work by Gutierrez Lopez et al. (2019) shows that constant 
currents of 0.15-0.25 W may be applied without modification of Granier’s coefficients for 
estimation of sap flux density. The results presented here extend the utility of that assertion by 
demonstrating that the raw signal may be adjusted for variable heating using a simple factor (the 
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ratio of the heating power applied to the Granier 0.2W). The adjustment factor was utilized here 
both in estimation of thermal properties and for “field calibration” of the TDP probes.  
While there is much discussion across the sap flow community about the necessity of 
species-specific calibration coefficients (Berdanier et al., 2016; Sun et al., 2012), the 
applicability of these calibrations across sites is unclear. For biodiverse regions like the Amazon, 
which exhibit a tremendous amount of inter- and intraspecific variability, these calibrations are 
not feasible given limited resources and sparse complementary datasets. As such, the proposed 
correction factor may be applied for used for variable power systems, where power or signal 
sensitivity is a consideration, to help conform to community wide standards of sap flux density 
estimation. 
4.4.2 Sap flow correction factors 
A sensitivity analysis was performed for Quercus alba to highlight the implications of 
“corrections” on sap flow velocity (Figure 4.18). Corrections account for wounding and thermal 
properties of sapwood under variable wood moisture content. Uncertainty is greatest at high 
velocities where the potential exists to under- or over-estimate actual sap flow velocity, with a 
scaling factor ranging from 0.6 – 1.4 at 30 cm/hr. While correction variability is high for the 
range of moisture contents, θFSP to θsat, living trees typically exhibit little variability in mean 
daily θ except under long term water limitation, where hydraulic strategies of water storage 




Figure 4.18 (left) The HPV correction factor computed for the range of moisture contents ranging from θ FSP to θ max. 
(right) The correction factor is applied to uncorrected VS for Quercus alba, assuming a 0.17 cm wounding 
coefficient. 
 
The aforementioned calibrations presented in this work use uncorrected values for both 
HPV and TDP. As both technologies are subject to the same uncertainties due to wounding, 
thermal variability, and needle asymmetry, both would receive similar corrections. As such, the 
corrections would not impact the comparison between the two in a significant manner. 
4.4.4 Radial sap flow variation 
The radial model fit was constrained to 4 data points, which may affect its accuracy. As 
the radial profile was used primarily for interpolation of a nearby sap flow velocity (2.5mm 
distance), this was deemed acceptable. For full characterization of radial variability, additional 
radial points of measurement would be needed to improve estimations of full tree transpiration. 
The Caylor radial model here was selected due to data availability. Berdanier et al. (2016) 
compared a selection of radial flow models for temperate tree species across a range of wood 
anatomies (e.g., tracheids, diffuse porous, and ring porous).  In their analysis, they found that 
absolute xylem depth models performed better than relative depth models, with the gamma 
model performing best. Overall model performance across distribution types is weakest at a low 
sap flow velocities, but all radial models performed better than uniform or discrete-weighting 
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scaling methods, improving overall estimations of tree-scale transpiration.  
4.4.5 The hidden signal 
The shifting seasonal baseline signal (dTM) from the TDP sensors represents a 
fundamental shift in the thermal properties of the wood, a function of the wood moisture content. 
This seasonal change follows shifts in maximum stem water potential. The two variables were 
compared and a second-order polynomial relationship was fit, with normalized RMSE of 0.044 
(Figure 4.19). The measured water potential is a state variable that characterizes the tension (i.e., 
negative pressures taking atmospheric pressure as the reference) found within the xylem of the 
tree. When these values become too negative, emboli may form in vessels, impairing the 
hydraulic pathway and reducing overall transpiration. Variability of stem water potential between 
individuals representing different species that experience the same environmental conditions 
(e.g., soil and atmospheric demand) indicates a clear separation of hydraulic strategies among the 
individuals.   
 
Figure 4.19 Relationship between daily maximum stem water potential and the relative change in wood moisture 
content (7-day averages). Marker colors for individuals are given by the legend. A second order polynomial was fit 
to the data, where 𝜓ec­ = −7.921	∆𝜃r + 1.409	∆𝜃r − 0.0286, and the normalized RMSE = 0.044 [-]. 
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These results highlight the “hidden information” embedded in TDP signals. While a 
substantial effort is made to correct for seasonal changes in moisture content to estimate tree-
scale transpiration, these low frequency signals actually present a potential proxy for the 
hydraulic status of individuals at high temporal frequency. The stem psychrometers used in this 
study were installed at heights of 24.4 – 29.6 m – regions of the canopy only accessible by 
trained climbers. Alternative methods for assessing plant water potential require the harvesting of 
canopy leaves, which again, are only accessible by select means. The implications of this hidden 
signal are substantial. When coupled with measured vulnerability curves (indicating percent loss 
conductance in the xylem tissue as a function of water tension), knowledge of plant water 
potential can give estimates of hydraulic impairment or further insights of individual plant 
hydraulic strategy. One frequently used in ecophysiological studies parameter, P50, the water 
potential at which 50% of xylem conductance is lost, has been identified as one key hydraulic 
trait for assessing plant hydraulic strategy. A number of studies have shown its high correlation 
with daily maximum stem water potential of the canopy (typically measured at pre-dawn period). 
Validation of water uptake processes requires knowledge of not only the quantity of water 
moving through the system, but also the hydraulic state or stress of the system. Long-term 
records from inexpensive sap flow technologies can now provide information on both of these 
fronts, increasing validation sample sizes and providing necessary feedback between the 
simulated and the observed responses to water limitation. 
 
4.5 Summary 
This chapter summarized current thermal theory associated with the measurement of sap 
flow velocity using heat dissipation technologies. The theory was applied to laboratory and field 
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data collected from FLONA Tapajós in the state of Pará (Brazil) to estimate whole-tree 
transpiration during the 2015-2016 dry season. It was shown that the baseline signal from TDP 
sensors may be used as a proxy for stem water content, which provides valuable insights into the 
hydraulic status of individuals. The “hidden signal” contained within commonly used sap flow 
technologies has the potential to give further insights into response of individuals to water 
limitation and provide new, more extensive data sets for trait analyses and models capturing this 




Appendix 4A – Heat Pulse Velocity Corrections 
The estimation of sap flow velocity, Vs, takes into account thermal properties of the wood 
and the effects of wood wounding caused by probe installation (ICT SFM1 Manual, 
http://www.ictinternational.com/products/sfm1/sfm1-sap-flow-meter/). The heat pulse velocity, 







 ∗ 3600 
 
where k is thermal diffusivity of green wood (0.0025 [cm2 s-1]), x is distance between heater and 
reference needles (0.5 [cm]), v1/v2 is the ratio [ - ] of heat pulse velocities of the upstream and 
downstream  reference needles. Wounding caused by needle installation dampens sap flow 
signals, thus, an empirical wounding correction velocity, Vc, is computed,  
 
𝑉O = 𝑏𝑉y + 𝑐𝑉y + 𝑑𝑉y½ 
 
where b, c, and d are fitted parameters (1.6821, -0.0015, and 0.0002, respectively for a 0.17 [cm] 
diameter wound). The thermal properties of fresh wood change as a function of water content. 










where 𝜌Sis dry wood density [kg m-3], cw is the specific heat of the wood matrix (1200 [J kg-1 K-
1]), mc is water content of the sapwood [kg kg-1], cs is the specific heat capacity of sap (4182 [J 




Chapter 5 – The Feasibility of High Resolution, Large-Scale Estimation of 
Evapotranspiration Using Maximum Entropy Production Model 
5.1 Introduction 
Forest structure and functional composition has direct impacts on water acquisition at 
individual and community scales. The tropical rainforests of the Amazon River Basin represent 
50% of the world’s undisturbed tropical biomass (Davidson et al., 2012), with over 200 hyper-
dominant and more than 11,000 unique woody species (ter Steege et al., 2013). In contrast with 
temperate systems, which have a handful of dominant species with distinct functional niches, the 
high degree of biodiversity within the Amazon likely represents a spectrum of strategies for light, 
water, and nutrient acquisition. Chapters 2-4 demonstrate the interplay of structural and 
functional diversity on water uptake processes at individual and community scales – but how 
these strategies scale to region and basin is unclear. Comprising an area of 5.5 million km2, the 
Amazon rainforest plays an important role in global water cycling, with teleconnections 
extending far beyond its borders (Cox et al., 2008; Duffy et al., 2015). 
Evapotranspiration (ET) expresses the exchange of mass and energy between the land 
surface and the atmosphere and is paramount to understanding vegetation response to drought 
(Eagleson, 2005). Direct measurements of ET are not feasible and ground observations that lead 
to ET estimation are resource-intensive and difficult for typical spatiotemporal scales of 
scientific interest.  Remotely sensed satellite observations, given their broad spatiotemporal 
scales, are an attractive alternative for large, basin-scale analyses. Yet, remote sensing 
estimations are not without their challenges (Zhang et al., 2016). Widely used products, such as 
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the Moderate Resolution Imaging Spectroradiometer (MODIS) derived MOD16-ET (Mu et al., 
2007, 2011), are primarily based upon the Penman-Monteith physical model (Monteith, 1965), 
which requires intensive parameterization of the vegetation layer for accurate estimates (Bright 
et al., 2013; Ganguly et al., 2010; Ruhoff et al., 2013; Yang et al., 2014).  
A recently introduced Maximum Entropy Production (MEP) model is used to partition 
surface radiative fluxes as a function of surface net radiation, temperature, and humidity (Wang 
et al., 2014; Wang & Bras, 2009, 2011). The MEP theory has been widely applied in land surface 
hydrology (Kleidon & Schymanski, 2008) and bio-ecological systems (Juretić & Županović, 
2003; Kleidon et al., 2010; Kleidon & Fraedrich, 2005; Shipley, 2010). MEP has shown great 
utility in estimating surface energy fluxes and was first applied to Amazonia by (Xu et al., 2019). 
In that application, the MEP model was first driven and validated using inputs and estimations 
from regional eddy covariance (EC) towers (summarized in Appendix 5A) spanning several land 
cover types. Hourly comparisons of daytime modeled latent heat flux and the corrected observed 












Figure 5.1 Scatter plots of MEP estimated ET (X-axis) against observed ET (Y-axis) corrected using the Bowen ratio 
closure method (Eq. (8)) for selected study sites at hourly scale (subplot (a) to subplot (f)) and at monthly scale 
(subplot (g) and subplot(h)). Comparison only for the daytime hours (6:00am – 19:00pm) at hourly scale is 
presented. Reproduced from (D. Xu et al., 2019). 
 
Xu et al. (2019) further showed the utility of MEP at the basin scale, estimating monthly 
ET at 1o spatial resolution for the basin. Despite discrepancies in spatial distribution and local 
maxima and minima, long-term annual ET from MEP agreed well with similar estimates from 
MODIS (MOD16A2). For 2003-2013, MEP estimated ET was 1280 mm compared to 1284 mm  
from MODIS. Both estimates were higher than those obtained from a traditional water budget 
method (108 mm), where ET is assumed to be the difference between precipitation and runoff 
(assuming long term storage is negligible).  
The successful application of the MEP method at the basin scale provides an attractive 
analytical tool for examining the spatiotemporal trends of ET at finer spatiotemporal resolutions. 
This chapter addresses the following research questions: (1) What is the feasibility and 
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performance of the Maximum Entropy Production method at the basin scale at the hourly 
timescale across seasons? (2) Does the MEP method capture the drought signal caused by the 
2015-2016 ENSO event? This chapter explores these questions by applying the MEP model to 
partition surface energy fluxes at the hourly scale using climate forcing from two EC towers in 
central and eastern Amazonia and basin-wide remotely sensed data. The performance and 




5.2.1 Maximum entropy model (MEP) 
With roots in statistical mechanics and non-equilibrium thermodynamics, MEP (Dewar, 
2005; Dewar & Maritan, 2014) is a special case of the well-established principle of maximum 
entropy (MaxENT) (Jaynes, 2003), a framework that utilizes Bayesian interpretation of 
probability theory to determine the most likely distribution or physical macrostate for a system, 
given a set of constraints. The MEP model differs from classical energy partition models in three 
major ways: (1) it requires only single-level input of net radiation, temperature, and humidity, 
resulting in fewer model parameters thus avoiding transfer coefficients used in bulk flux 
formulas; (2) it does not require wind speed, roughness lengths, etc., that are more difficult to 
measure using remote sensing technology; and (3) it is less sensitive to the uncertainty of input 
data and model parameters.  
Net radiation, Rn, is partitioned into surface heat fluxes λE, H, and G as follows: 
 




In MEP theory, a dissipation function of energy fluxes D is expressed as: 
 









 ( 5.2 ) 
 
where Ie, Ia, and Is are thermal inertia of water vapor, air, and soil, respectively (Wang & Bras, 
2009, 2011).  
A unique solution of the heat fluxes above corresponds to the maximization of D under 
the constraint of energy conservation. For the case of the closed canopy where the energy 
balance is defined at the canopy top, the ground heat flux, G, is negligible compared to the latent 
and sensible fluxes, λE and H. Thus, the solution for latent and sensible heat reduces to:  
 
𝑅n = 𝜆𝐸 + 𝐻 ( 5.3 )	
𝜆𝐸 = 𝐵(𝜎)𝐻 ( 5.4 ) 
 
where the Bowen ratio, B(σ), is a function of the a dimensionless parameter σ characterizing the 
water and thermal state of the evaporating surface (Wang & Bras, 2011).  
 
𝐵(𝜎) = 6Üò1 + kk
½ã











λ is the vaporization heat of liquid water, Rv, is the gas constant for water vapor and qs and Ts are 
the specific humidity and temperature of the transpiring surface, respectively.  
5.2.2 Model Forcing 
The primary inputs for the MEP model are net radiation, temperature, and specific 
humidity. The following section presents the data products used for model forcing and 
comparison. Where relevant for error sensitivity, a summary of retrieval algorithms are 
presented.  
 
Figure 5.2 (Left) Digital elevation model for the Amazon Basin region (SRTM at 30 arc-sec or about 1 km). The 
Amazon River Basin boundary is outlined in black. Eddy covariance tower locations are denoted as red markers. 
(Right) Boundary of the GOES Northern Hemisphere Extended scan sector which provides hourly observations for 
the region including the Amazon River Basin (green outline). 
 
5.2.2.1 Net radiation 
Surface net radiation is taken from the GOES Surface and Insolation Product (GSIP) 
version 3 product, derived from NOAA’s GOES geostationary satellites. GSIP v3 provides the 
components of the surface radiative budget at hourly temporal resolution and ~4 km spatial 
resolution. Product coverage spans from 03/01/2014 to 01/01/2018, ending with the removal of 
GOES-13 from operational status. The previous version of GSIP (v2) provides additional 
historical coverage from 03/01/2009 to 01/01/2018, but at a coarser spatial resolution of 0.125 
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degrees.  The variables available with the GSIP product are summarized in Appendix 5A.  
Net surface radiation [W m-2] is computed from the radiative components as follows: 
 
𝑅n = (𝑆↓ − 𝑆↑) + (𝐿↓ − 𝐿↑) ( 5.7 ) 
 
where 𝑆↓ is downward welling shortwave radiation at the surface [W m-2], 𝑆↑ is upward welling 
shortwave radiation at the surface [W m-2], 𝐿↓ is downward welling longwave radiation at the 
surface [W m-2], and 𝐿↑ is upward welling longwave radiation at the surface [W m-2]. 
Upward and downward welling radiative fluxes are computed from raw GOES scenes 
using a heavily modified algorithm developed by (Ohmura et al., 1998; Pinker & Laszlo, 1992; 
Whitlock et al., 1995). GSIP estimated outgoing longwave radiation is estimated using the High-
resolution Infrared Sounder (HIRS) outgoing longwave radiation (OLR) algorithm (Ellingson et 
al. 1989). The multi-spectral OLR algorithm can be described by 
 
𝐼÷↑(𝑧U; 𝜃, 𝜙) = 𝜀÷∗𝐵÷∗(0)𝑇÷∗(𝑧U, 0; 𝜃, 𝜙) + ∫ 𝐵H(𝑧) ¸
ùsóWút,úû;T,ü\
ùúû
» 𝑑𝑧′út¡  ( 5.8 ) 
 
where 𝐼÷↑ is the specific intensity of upward longwave radiation at the top of the atmosphere zt at 
local zenith angle 𝜃 and azimuth angle 𝜙;  𝜀÷∗ is surface emissivity, Tv is atmospheric 
transmittance, Bv(z') is the Planck function evaluated at wave number 𝜈 with the temperature at 
level z'. A perfect blackbody is assumed (i.e., everything that is absorbed is emitted). The first 
term of the equation represents the longwave radiation emitted from the surface. The second term 
represents longwave radiation emitted from or reflected from any point between the surface and 
the top of atmosphere (TOA). OLR is related to the specific intensity by integrating over 
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wavenumbers and hemispheric solid angles and is given by 
 






¡  ( 5.9 ) 
 
Outgoing longwave radiation can be estimated as a linear combination of selected 
narrowband radiances, weighted according to band significance. Regression coefficients and 
radiances are functions of the local zenith angle 𝜃: 
 
𝑂𝐿𝑅 = 𝑎¡(𝜃) + ∑ 𝑎¡(𝜃) ∙ 𝑁~(𝜃)~  ( 5.10 ) 
 
where a0 is the regression coefficients and Ni are the satellite-observed narrowband radiance of 
channel i. 
5.2.2.2 Land surface temperature 
Land surface temperature (LST) is difficult to estimate from satellite imagery as cloud 
contamination often biases measurements. In GSIP, LST is derived from the 11μm channel of 
GOES Imager using a single-channel approach (Sun & Pinker, 2003). A detailed assessment and 
uncertainty analysis of the single-channel approach was made by Heidinger et al. (2013). The 
methodology provides the high compatibility and modest accuracy across a variety of satellite 
imagers, facilitating decadal records of LST. Yet, despite support for this approach, GSIP LST 
values for the Amazon basin, where cloud and vapor contamination are prevalent, were outside 





Figure 5.3 Comparison of basin wide 11μm radiance and LST for (a) “all sky” conditions and (b) “clear sky” 
conditions for a sample hour (July 19, 2015 15:45 UTC). LST values range from -60 to +60oC under all sky 
conditions which include partial and full clouds. Removal of partial and full cloud conditions (i.e., clear sky) limits 
the range to -20 to +60oC, outside the feasible temperature range for LST. 
 
In lieu of these “direct” observations, near surface air temperature (at 2m) from the ERA5 
reanalysis product (“ERA5 Reanalysis,” 2017) was used for model forcing. ERA5 is the fifth 
generation of reanalysis product produced by the European Centre for Medium-Range Weather 
Forecasts (ECMWF) and uses a 4D-Var assimilation scheme which couples actual observations 
with forecast models to produce historical and near-real time estimates of atmospheric and near 
surface parameters. Single level estimates of precipitation, air temperature, and dew point 
temperature are provided at hourly temporal frequency and 0.25o spatial resolution. Gridded 
observations were resampled using a ‘nearest-neighbor’ approach to harmonize spatial 
resolutions between GSIP and ERA5. 
When air temperature was previously used as a proxy for surface temperature by Xu et al. 
(2019), MEP modeled energy partitions showed minimal sensitivity to temperature. As air and 
canopy temperatures can differ as much 7oC (Pau et al., 2018), further sensitivity analysis was 




5.2.2.3 Specific humidity 
Two parameterizations of specific humidity, qs, were used to drive the model, both 
derived from single level ERA5 variables. Given the dew point temperature, Td, the specific 





 ( 5.11 ) 
 
where p is the surface pressure in [Pa] and e is the vapor pressure in [Pa]. Vapor pressure in [hPa] 
is found using the August-Roche-Magnus approximation of Clausius-Clayperon: 
 
𝑒(𝑇S) = 6.1094 exp ¸
ká.ã¢s¾
s¾À½.¡À
» ( 5.12 ) 
 
where Td is the dewpoint temperature in [oC]. In the absence of observations, qs may be 
parameterized as saturated humidity within the stomatal cavity, qsat(Ts, ψs). Wang and Bras 
(2011) give qsat(Ts, ψs) as: 
 
𝑞f(𝑇f, 𝜓f) = 𝜀 ¸
}'
a
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» ( 5.13 ) 
where T0 is the reference temperature taken to 0 oC, e0 is the saturation vapor pressure at T0, p the 
ambient pressure, and Rv the gas constant for water vapor.  
5.2.2.4 Eddy covariance measurements 
The MEP ET model was initially validated against eddy covariance (EC) estimations of 
latent heat and sensible heat for historical data ranging from 1999-2006 (Xu et al., 2019). EC 
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estimations of latent and sensible heat for the 2015-2016 El Nino period are only available for 
the BR-MA2 and BR-SA1 towers. These towers will be referred to by their common names, 
“K34” and “K67”, to conform with previous discussion. Results and analysis from K67 was also 
presented in Chapters 3 and 4.  
Measurement errors from the EC method are approximately 20% of the total energy 
budget, resulting in an imbalance between measured net radiation and the component surface 
energy fluxes (Gerken et al., 2018; Wilson et al., 2002). These errors complicate comparisons 
between modeled MEP fluxes and observations. Specifically, energy conservation is 
automatically satisfied following the underlying structure of the MEP solution, while energy 
conservation of EC measurements is not guaranteed. EC surface energy fluxes are thus corrected 
using the Bowen Ratio method (Xu et al., 2019). Rn and the Bowen Ratio (B0) obtained directly 
from measurements of 𝜆𝐸*ÖÊ and 𝐻*ÖÊ is assumed to be valid. The net energy imbalance is 





, 𝜆𝐸- = 	+,Ô
kÖ'
 ( 5.14 ) 
 
where “OBS” refers to the observed fluxes and 𝜆𝐸-  is the corrected flux.  
5.2.2.5 Precipitation 
Precipitation is an essential climate variable used to determine conditions of hydrological 
drought. With limited gaging per unit area, remotely sensed and reanalysis products were used as 
observational data across the basin. While several products were examined, the primary product 
used for analysis was the ERA-I/5 reanalysis product. The ERA reanalysis precipitation product 
has been shown to outperform similar products for Amazonia, where closure of the terrestrial 
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water budget is especially problematic due to sparse gaging (Lorenz & Kunstmann, 2012). 
While gaged precipitation is available for both K67 and K34, the historical reliability of 
the data is unknown. For example, when compared to a gage of known reliability, the reported 
K67 values were found to grossly underestimate actual precipitation. Given this, and that this 
analysis is more broadly focused on basin scale processes, ERA data is used for both tower scale 
and basin scale comparisons. 
5.3 Results 
5.3.1 Ambient conditions at tower sites 
Surface energy fluxes were simulated using tower forcing from K67 and K34 for the 
period 06/01/2015 – 06/01/2016, which includes the 2015-2015 ENSO dry season. Climate 
conditions from the two towers show similar seasonality, with the dry season period showing 
increased temperatures and decreased precipitation at both sites (Figure 5.4). Net radiation 
remains relatively constant for K34, showing little seasonality. K67 shows a slight decline in Rn 
with the onset of the 2016 wet season. As previously mentioned, the reliability and continuity of 
tower precipitation gages in remote regions is dubious at best. This is highlighted by the 
precipitation values reported at K34 (Figure 5.4, middle panel). Despite having higher mean 
annual precipitation, reported mean monthly precipitation at K34 is lower than K67 for all 
months except January, March, and April 2016. These potential gaging issues lends further 





Figure 5.4 Mean monthly observational data (6/2015 – 6/2016) from the K67 (Tapajós) and K34 (Manaus) sites 
with: (top panel) air temperature [oC]; (middle panel) precipitation as bars and ET as lines, both in [mm day-1]; 
(bottom panel) net radiation [W m-2]. 
Site level precipitation (ERA) highlights the differences in seasonality between the K67 
and K34 sites, with K67 exhibiting stronger seasonality than K34. An area is considered under 
dry season conditions when precipitation drops below 100mm per month. K67 more consistently 
falls below this threshold with dry season conditions persisting 3-4 months as opposed to the 1-2 
months at K34. The difference between the two sites is especially pronounced in the 2005 and 
2010 basin drought years (Figure 5.5). Monthly precipitation from the 2015 ENSO event 
highlights the unique nature of the drought event, with monthly precipitation values at both K67 





Figure 5.5 ERA monthly precipitation for K67 and K34 for the 2005, 2010, and 2015 drought periods with 
antecedent and subsequent periods. The 100mm “dry season threshold” is plotted as a black dashed line following 
Restrepo-Coupe et al. (2013). 
4.3.2 Tower-driven MEP 
 
The performance of the MEP modeled surface energy fluxes for the 2015-2016 was 
evaluated using hourly Bowen ratio corrected energy fluxes from K67 and K34 (Fig. 5.6). Model 
performance was assessed by fitting a linear model to a one-to-one comparison of the modeled 
and simulated fluxes. Over the entire data period, which includes both wet and dry seasons, 
modeled performance is high at the hourly resolution. Modeled ET had the strongest 
performance at both K67 and K34 with regression statistics of m = 0.96, 1.03 and R2 = 0.91 and 
0.93, respectively. Modeled sensible heat, H, showed weaker performance with m = 1.09, 0.94 
and R2 = 0.82, 0.79 at K67 and K34 sites, respectively. When compared to the 1999-2006 period 
modeled by  Xu et al. (2019), model performance at K67 decreased, with the R2 value declining 






Figure 5.6 A comparison of MEP modeled hourly latent and sensible heat fluxes and corrected tower observations 
for (left panels) K67-Santarém and (right panels) K34-Manaus for 6/2015 – 6/2016. One to one reference line is 
given in dashed blue and a linear regression fit to the data as a red solid line. Regression statistics are noted in the 
upper right corner of the plot. 
 
The diurnal partition of surface fluxes shows similar patterns of mean modeled and 
observed energy fluxes (Fig. 5.7). Mean observed ET fluxes have a slightly higher amplitude 
than modeled ET for both sites. The modeled sensible heat partition shows less variability than 
the observed. Net radiation is displayed for reference, but is the same between modeled and 







Figure 5.7 Diurnal surface energy partition for the modeled and observed fluxes for (top panels) K67 and (bottom 
panels) K34. Markered lines represent mean values with colors given by the legend. The shaded regions of the same 
color representing one standard deviation from the mean. 
 
5.3.3 Performance of MEP model during 2015 ENSO dry season 
The marked decrease in MEP performance for K67 prompted a detailed analysis of the 
temporal evolution of performance during the onset of the unprecedented dry season. As an 
illustrative example, the time series of modeled and observed daytime ET for a two week period 
at the onset of the dry season (9/16/2015-9/30/2015) and deep in the dry season (12/16/2015-
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12/31/2015) is presented (Figure 5.8). At the onset of the dry season, MEP is able to capture 
observed ET, but two months later, the magnitudes of MEP modeled fluxes are substantially 
higher than observations.  
 
Figure 5.8 Time series of model and observed daytime ET at K67 for (a) 9/16/2015-9/30/2015 at the onset of the dry 
season and (b) 12/16/2015-12/31/2015 in the heart of the dry season. Modeled fluxes are in blue and observations in 
orange. Periods without markers are from data availability gaps. 
Hourly comparisons were made for three periods, pre-, during, and post-water limitation: 
6/01/2015-10/31/2015, 11/01/2015-2/29/2016, and 3/1/2016-7/31/2016 respectively. Model 
performance for K67 was high during the pre- and post-water limitation periods, with R2 = 0.97 
for both and m = 1.08 and 1.01 respectively (Fig 5.9 top row). The water limitation period 
showed the lowest model performance with R2 = 0.84 and m = 0.74. Poor performance was 
biased during at magnitudes >100 Wm-2, values that typically occur in the midday. During the 
midday, MEP over-estimated ET by as much as a factor of 2. A similar comparison of results 
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from the K34 tower did not show any appreciable change in the model performance across the 




Figure 5.9 Comparison of corrected observations of ET versus MEP modeled ET for the pre-, during, and post- 
water limitation periods for (top row: K67; bottom row: K34). One to one reference line is given in dashed blue and 
a linear regression fit to the data as a red solid line. Regression statistics are noted in the upper right corner of the 
plot. 
 
5.3.4 Satellite-driven MEP 
The MEP model was forced using observations from GSIP and ERA5 to estimate ET at 4 
km spatial resolution and hourly temporal resolution. A comparison with hourly corrected ET 
from the K34 and K67 show model performance at m = 0.71 and 0.82 and R2 = 0.57 and 0.62 for 
the period spanning 11/2015-2/2016 (Figure 5.10). Given the different spatial footprints between 





Figure 5.10 Comparison between satellite driven MEP fluxes and corrected tower observations for (left) K67 and 
(right) K34. One to one reference line is given in dashed blue and a linear regression fit to the data as a red solid 
line. Regression statistics are noted in the upper right corner of the plot. 
A more detailed analysis at the K67 site shows that the satellite driven model exhibited 
the same water limited behavior as the tower forced simulations (Figure 5.11). Model 
performance from 7/2015-10/2015 is stronger with m = 0.83 and R2 = 0.68, versus the water 




Figure 5.11 Comparison between satellite driven MEP fluxes and corrected tower observations for (left) the non-
limited and (right) water-limited periods. One to one reference line is given in dashed blue and a linear regression fit 
to the data as a red solid line. Regression statistics are noted in the upper right corner of the plot. 
 
An illustrative example (9/1/2015-9/15/2015) shows the ability of the satellite-driven 
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MEP model to capture diurnal variation in ET at the K67 site (Figure 5.12). These results 
highlight the utility of using remotely sensed observations to drive the MEP model and estimate 
ET in areas without high fidelity data. However, differences in land-use and micrometeorological 
variability may result in inaccuracies when downscaling results. As such, estimates are more 
appropriate at larger scales. 
 
Figure 5.12 Time series of model and observed daytime ET at K67 for 9/1/2015-9/15/2015. Modeled fluxes are in 
blue and observations in orange. Periods without markers are from data availability gaps. 
 
Mean monthly estimates of surface energy fluxes from the GSIP driven MEP model 
capture the seasonality in surface energy fluxes expected from the Amazon region (Figure 5.13). 
Net radiation Rn decreases during the wet season periods as cloud cover dominants the area and 
increases during the dry season periods. The partition of latent heat and sensible heat follows, 




Figure 5.13 Mean monthly surface energy fluxes for the Amazon Basin for 1/2015 – 8/2016. The legend gives line 
styles for net radiation, latent heat, and sensible heat energy fluxes. 
  
5.4 Discussion 
5.4.1 Performance of MEP model during ENSO droughts 
The results highlight excellent skill of the MEP model during periods with no soil control 
on energy partition and the inability of the model to capture observed ET under severe water 
limitation, with actual ET being constrained due to ecophysiological feedbacks. Previous ENSO 
drought periods were examined to determine if this failure was recurrent or if the conditions of 
the 2015-2016 ENSO event were unique. MEP estimated ET was compared to corrected tower 
observations for ENSO anomaly periods as defined by Panisset et al. (2018). For K67, MEP 
performance was strong for the JJAS 2005 and 2010 anomalies (R2 = 0.95, 0.97 respectively), 
but there is a large reduction in model performance for the ONDJ 2015 period (R2 = 0.84). In 
contrast, K34 shows the weakest agreement during the JJAS 2005 period (R2 = 0.76), opposed to 
JJAS 2010 and ONDJ 2015 where agreement is relatively strong (R2 = 0.94, 0.90 respectively). 
While agreement is high during ONDJ 2015 for K34, there is visually more scatter present at 






Figure 5.14 Comparison of corrected observations of ET versus MEP modeled ET for three significant drought 
periods at the K67 (top) and K34 (bottom). One to one reference line is given in dashed blue and a linear regression 
fit to the data as a red solid line. Regression statistics are noted in the upper right corner of the plot. 
 
This comparison highlights the ability of MEP to capture ET fluxes during anomalous dry 
seasons up to a certain severity threshold. This is not to say that during the 2005 and 2010 events 
transpiration was not limited at the individual tree scale. Instead, it suggests that to some degree, 
decrease in ET during mild water limitation is captured by state variables such as specific 
humidity and air temperature. When less net radiation is partitioned into latent heat, it will 
become sensible heat (under the zero ground flux assumption). This increase in sensible heat will 
be partially reflected by rising air temperature. Decreases in ET may also cause a decline in 
specific humidity imposing a further feedback to the MEP model. 
5.4.2 Identifying threshold variables 
Ambient conditions were examined during the water limitation period at K67. Vapor 
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pressure deficit (VPD) is a key metric for determining stomatal response. When VPD values 
become too high, this may trigger stomatal closure, decreasing water loss at the leaf level and ET 
at the system scale. The ratio of observed and modeled ET was examined for the 2015-2016 data 
period and compared to the VPD during that same time period. A ratio of 1 represents unity 
between observed and modeled fluxes, while values <1 represent periods when MEP is over-
estimating ET. Data was resampled at 5-day mean value to remove signal noise. The ratio hovers 
around 1 during the pre-water limitation period and declines to around 0.8 during the water 
limitation period before rebounding around March 2016. VPD values show slight seasonality, 
with higher 5-day average values during the water limitation period (Fig. 5.15).  
 
 
Figure 5.15 Time series analysis of the observed versus simulated ET ratio (top) and observed VPD (bottom). The 
hourly observations are shown as the lighter line in the plot while a resampled 5-day mean is shown as a bold line. 
The unity line is shown in red for the ratio time series. 
When 5-day average values of the ET ratio and VPD are compared, a clear demarcation 
can be seen for the lowest ET ratios (Fig. 5.16). While ratios of 0.8 and higher occur for the 
range of VPD values, the lowest ratios only occur at mean VPD values higher than 1.25 kPa. 
While the correlation is not strong enough to build a correction model purely on VPD, it does 
present a potential avenue for future research for correcting MEP fluxes during periods of severe 





Figure 5.16 5-day mean values of the ratio between observed ET and simulated ET and observed VPD at K67. The 
comparison includes both wet and water-limiting periods. The 1.25 kPa threshold is denoted as a dashed black line. 
 
5.4.3 Improved estimates of potential ET 
While MEP was unable to capture observed ET during the period of severe water 
limitation for K67, it retains value as an estimation of potential ET. Potential ET is an important 
analysis variable and is used for model forcing. Models of PET are subject to the same 
parameterizations mentioned for physical models of ET, with parsimonious formulations only 
modestly capturing observations. For example, The Hargreaves & Samani (1985) formulation 
used in Chapter 3 as forcing is a parsimonious model requiring only single-level air temperature 
for parameterization. For data scarce spaces this is attractive, but performance is not robust 
(Figure 5.17). Requiring only 3 inputs – air temperature, specific humidity, and net radiation – 






Figure 5.17 Hargreaves-Semani estimation of PET using K67 air temperature. PET was calibrated using an 
optimization function with HS parameters of B = -22.9 and C = 3.5. Model performance is much weaker than that 
found with the MEP method. 
5.4.4 Model forcing needs 
A sensitivity analysis of model forcing showed MEP is most sensitive to net radiation, 
and to a lesser degree, air temperature (Xu et al., 2019). Basin scale analysis indicated that the 
source of qs may be important to overall analysis of basin scale processes. As much attention has 
been paid to the uncertainty of net radiation and temperature by this previous work, this 
discussion will focus primarily on specific humidity. 
Direct observations of qs were not available from the GSIP product. A study by Ruckstuhl 
et al., (2007) suggests that qs may be derived from total precipitable water (TPW) for high 
altitude environments. While not high altitude, this approach was nevertheless tested using 
radiosonde returns collected at Belterra, Para, Brazil (a small town within the vicinity of the 
Tapajos National Forest). Near surface qs was compared to TPW, but no significant correlation 





Figure 5.18 Radiosonde data for Belterra, Pará, Brazil for 7/23/2001 and 7/24/201 showing the mixing ratio as a 
function of height. Uniform layers of moisture up through 500m prohibit estimation of surface specific humidity 
using TPW. 
5.5 Summary 
The Maximum Entropy Production model provides a parsimonious model for estimation 
of surface energy fluxes at a variety of scales. Previous applications of the model have shown 
strong performance in the Amazon Basin region. This chapter applied the model to the 2015-
2016 ENSO period using tower and satellite forcing to examine the feasibility of using MEP at 
fine spatiotemporal resolutions under extreme drought events. The model performed well under 
mild water limitation, but performance declined under severe water limitation: MEP over-
estimated latent heat fluxes, in some instances, by a factor of 2. VPD was explored as a potential 
proxy to indicate severe water limitation and thus pointing to the need of adjusting the model 
behavior but further work is needed. Despite this, the MEP model may serve as a good proxy for 
ET for well-watered to mild-water limitation and to provide estimates of potential ET during 
extreme water limitation. Basin scale estimates of ET using the GSIP satellite product captured 
local diurnal variability in ET and basin-scale seasonality of net radiation, latent heat, and 







Appendix 5A Eddy covariance and satellite data information 
 
Table 5.1 FLUXNET eddy covariance towers located in the Amazon Basin region (Restrepo-Coupe et al., 2013) 
used for ground truthing of the MEP method. 
Site ID Name Lat/Long Description Years Available 
BR-CAX Caxiuana -1.720 / -51.459 Tropical lowland forest 1999 – 2003 
BR-MA2 Manaus -2.609 / -60.209 Tropical rainforest 1999 – 2006 
BR-SA1 Santarem K67 -2.857 / -54.959 Tropical rainforest 2002 – 2006 
BR-SA2 Santarem K77 -3.012 / -54.537 Pasture/agriculture 2000 – 2005 
BR-SA3 Santarem K83 -3.018 / -54.971 Tropical rainforest 2000 – 2004 
BR-BAN Bananal Island -9.821 / -50.149 Seasonally flooded forest 2003 – 2006 
BR-RJA Reserva Jaru -10.095 / -
62.358 









shortwave downward surface radiative flux W m-2 
shortwave upward surface radiative flux W m-2 
longwave downward surface radiative flux W m-2 
longwave upward surface radiative flux W m-2 
PAR downward surface diffuse radiative flux W m-2 
PAR downward surface diffuse clear-sky radiative flux W m-2 
PAR upward surface diffuse clear-sky radiative flux W m-2 
shortwave downward TOA radiative flux W m-2 
shortwave upward TOA radiative flux W m-2 
shortwave upward TOA clear radiative flux W m-2 
longwave upward TOA radiative flux W m-2 
Cloud Properties 
cloud mask (cloudy, probably cloudy, probably clear, clear) 0-3 
cloud type (clear, fog, liquid, supercooled/mixed, opaque ice, cirrus, 
multilayered) 
0-6 
cloud type layer height (clear, low, middle, high) 0-3 
cloud top temperature K 
cloud top pressure HPa 
cloud liquid water path kg m-2 
cloud ice water path kg m-2 
cloud optical depth - 
Temperature and Column Properties 
surface temperature K 
radiative temperature K 
total column ozone atm cm 
total precipitable water cm 





Chapter 6 – Summary and Future Directions 
6.1 Summary of dissertation work 
6.1.1 Ch 2: Root structure and lateral interactions 
A coupled model of three-dimensional root hydraulic architecture and soil water 
dynamics was used to explore the impact of below-ground structure, specifically degree of root 
system interaction on water uptake during water limitation. A root competition index was 
introduced to help classify the degree of below ground interaction and formed the basis of a 
cluster-based sampling protocol. Root hydraulic architectures of different form and lateral 
interaction were tested, highlighting a trade-off between carbon investment in root structure and 
water uptake. Trees which faced water limitation under the low interaction scenario increased 
their water access by expanding their root systems laterally, but this gain in  benefit declines as 
the system becomes more homogeneous. To achieve additional water resources and alleviate 
water stress, systems would need to root deeper or by alter functional properties like root 
hydraulic conductivity. This suggests a system scale optimal configuration where roots expand 
laterally to exploit all available soil resources, homogenizing the field, but no further. Once the 
system has reached a state of homogeneity, then additional benefit can only be gained by 
utilizing other root traits.   
6.1.2 Ch 3: Functional diversity and response to ENSO dry seasons 
 
The work of chapter 2 is expanded to examine the role of root functional strategy on 
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water uptake processes during the unprecedented 2015-2016 ENSO dry season for a highly 
seasonal rainforest located in the eastern Amazon River Basin. The work compiles heterogeneous 
streams of data to compose a three-dimensional representation of root structure under three 
separate scenarios of rooting depth. Root water uptake is simulated during the dry season 
showing the onset of severe water limitation and the constraint of water uptake. Water stress is 
alleviated somewhat by partitioning of roots along different depth strata, supporting prior 
evidence of root niche segregation or hydrologic niche partitioning.  
6.1.3 Ch 4: Sap flow and the hidden signals 
 
While the representation of below-ground structural and functional dynamics provide 
valuable insights into ecophysiological feedbacks and controls on uptake during water limitation, 
metrics are needed to quantify this response in situ. Measurements of sap flow velocity have 
proliferated as access to low-cost sensing technology has risen. Chapter 4 presents sap flow 
measurements for four trees at FLONA Tapajós, a highly seasonal forest in the eastern Amazon 
River Basin. Utilizing thermodynamic theory, changes in raw baseline sap flow signal are used to 
quantify changes in wood moisture content during the 2015-2016 dry season. Decreases in 
moisture content strongly correlated with decreases in stem water potential, a state variable that 
is used as a proxy for plant water stress. The identification of this low frequency signal increases 
the utility of sap flow measurements in general, allowing one sensor to quantify water quantity 
and hydraulic status.  
6.1.4 Ch 5: Feasibility of hourly scale PET estimation 
 
The maximum entropy production model provides a parsimonious model for estimation 
of surface energy fluxes at a variety of scales. Previous applications of the model have shown 
160 
 
strong performance in the Amazon Basin region. This chapter applies the model to the 2015-
2016 ENSO period using tower and satellite forcing. The model performs well under mild water 
limitation, but performance declines under severe water limitation with the model over-
estimating latent heat fluxes by a factor of 2. VPD was identified as a potential variable that may 
serve as a correction or indicator of model behavior under severe water limitation. Despite this, 
the MEP model may serve as a good proxy for potential ET at the tower and basin scale. Basin 
scale estimates of ET using the GSIP satellite product captured local diurnal variability in ET and 
basin-scale seasonality of net radiation, latent heat, and sensible heat fluxes. 
6.2 Future directions 
Disturbance plays a major role in shaping forest structure and function (Pan et al., 2011), 
including water cycling. In the upper-Midwest, disturbances have largely transitioned away from 
severe events that cause stand replacement, to more moderate disturbances resulting in only 
partial canopy defoliation or species loss (Birdsey et al., 2006; Canham et al., 2013; Cohen et al., 
2016; Lu et al., 2015; Luyssaert et al., 2007; Pregitzer & Euskirchen, 2004; Radeloff et al., 2012; 
Williams et al., 2012). These subtler disturbances include insect-infestation, pathogens, wind, 
age-related senescence, and partial harvest (Birdsey et al., 2006; Clark et al., 2010; Cohen et al., 
2016; Hicke et al., 2012; Williams et al., 2012), which contribute to a gradient of disturbance 
intensities across the landscape. Unlike stand-replacing disturbance, moderate disturbances tend 
to increase canopy structural complexity (Hardiman et al., 2011), with entirely different 
consequences for ecosystems (Anderegg, 2015; Dietze & Matthes, 2014; Peters et al., 2013; 
Trumbore et al., 2015) . Research on the impact of disturbance severity on ecosystem water 
cycling has been limited and overall responses difficult to disentangle, with many studies 
reporting nonlinear or conflicting responses (see review by Adams et al. (2012)). Beyond the 
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immediate consequences of disturbance, further questions arise surrounding the legacy of 
disturbance on forest water cycling and the resilience of restructured forests to climate change. 
Beyond changing the above-ground landscape, tree mortality from disturbance also alters 
the below-ground landscape. A future direction for the work presented here would be to study the 
impact of disturbance severity on the spatiotemporal evolution of forest water cycling using 
computational models of below-ground structure and root water uptake. The results from Chapter 
2 demonstrated that root lateral interaction has a significant impact on the ability of individuals 
to meet their demand and also where they access the majority of their water. The removal of 
individuals from a stable system may have important implications for forest water cycling and 
forest management under changing climate. This type of work can also be used to inform 
hypotheses and data acquisition at ongoing disturbance experiments. A current example is the 
Forest Threshold Resilience Experiment (FoRTE) currently ongoing at the University of 
Michigan Biological Station (Fig. 6.1). This experiment is examining the impact of disturbance 
severity from a variety of angles including carbon and nutrient cycling. A natural next step of this 




Figure 6.1 Illustrative example of root lateral interaction changes as a function of disturbance severity. Data was 
taken from the FoRTE experiment currently being conducted at the University of Michigan Biological Station. 
 
 An additional future direction would be to further examine the hidden signals found in 
long term sap flow data. The results from this chapter found that the low frequency signal 
embedded in continuous TDP sensors may be used as a proxy for hydraulic state in tropical 
rainforest trees. This may be further explored by comparing the low frequency signal with 
measurements of wood moisture content as gathered by ruggedized capacitance sensors 
(Matheny et al., 2015). This comparison could help draw a more direct comparison between 
actual wood moisture content and hydraulic state instead of relying purely on relative measures 
of moisture content. The proliferation of TDP technology means that with further testing, this 
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methodology has the potential to be applied across ecosystems to help elucidate plant hydraulic 
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